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Abstract 
Microscale combustion calorimetry (MCC) has recently become 
commercially available for assessing flammability of polymers 
using only milligrams of test specimen.  Although significant data 
and correlations with conventional flammability tests such as UL 
94, Limiting Oxygen Index, and cone calorimetry are available in 
the literature, correlation data for polymers containing flame 
retardants are still limited.  In this study, we conducted MCC on 
15 commercially available flame retardant wire and cable 
compounds.  The MCC parameters measured include heat release 
capacity, temperature at peak specific heat release rate, total heat 
release, and char yield. These parameters were correlated with the 
conventional flammability tests and the results are discussed in this 
paper. 

Keywords: microscale combustion calorimetry; pyrolysis 
combustion flow calorimetry; heat release capacity; wire and cable; 
flame retardant; UL-94; Limiting Oxygen Index; cone calorimetry.  

1. Introduction 
Microscale Combustion Calorimetry (MCC) or Pyrolysis 
Combustion Flow Calorimetry (PCFC) has recently been 
developed to assess flammability of materials using milligram 
quantities of sample [1-5].  Test standard committees of ISO and 
ASTM have also been formed to establish a standard test method 
for MCC [6-7].  This small-scale calorimeter was developed to 
assess heat release properties of pure polymers and has been 
utilized as a high throughput research tool for screening new 
materials [8].  The method simulates flaming combustion by 
pyrolyzing the pure polymer in a N2 environment to produce fuel 
gases which are subsequently oxidized in an O2 rich environment.     

In MCC, the peak specific heat release rate (PSHRR, W/g) of a 
material can be calculated based on the maximum oxygen 
consumption rate of fuel gases from pyrolysis of a polymer.  The 
heat release capacity (HRC, J/g-K), obtained by dividing PSHRR 
by sample heating rate, is considered to be the maximum heat 
release potential of a polymer.  The temperature at PSHRR 
(T@PSHRR) can also be measured and has been related to 
ignition temperature of a polymer [9].  The total amount of heat 
released (THR, kJ/g) can be calculated based on time evolution of 
oxygen consumption in MCC. 

MCC parameters have been correlated with conventional flame 
tests.  It has been shown that for pure polymers HRC correlates 
well with peak heat release rate (PHRR, kW/m2) measured by 
cone calorimetry at high heat flux where pyrolysis is relatively 
complete [1, 2].  Limiting Oxygen Index (LOI) was also found to 
decrease with increasing HRC [2].  A range of HRC values was 
established to screen UL 94 rating of pure polymers.    

Despite its usefulness for measuring heat release characteristics of 
a pure polymer, the use of MCC for polymers containing flame 
retardants has not been widely demonstrated. Recently 
publications have shown utility and limitations of MCC for 
polymers containing flame retardants [10-14]. It has been found 
that MCC correlations with UL 94, LOI, and cone calorimetry are 
limited for polymers containing flame retardants because the 
condensed phase and gas phase processes of flaming combustion 
are necessarily incomplete, particularly in the presence of these 
compounds at low heat flux and at flame extinction such as UL 94 
and LOI [14].    

Our interest here is to investigate flammability of commercially 
available flame retardant (FR) wire and cable compounds using 
MCC. In addition, we investigate the correlation of MCC 
parameters with conventional flammability tests such as LOI, UL 
94, and cone calorimetry.  Wire flame spread is an important 
flame resistance attribute, and we will discuss correlations 
between MCC and wire flame spread in a separate publication 
[15].   

2. Experimental Methods 
15 commercially available thermoplastic and peroxide 
crosslinkable FR wire and cable compounds were used in this 
study.  These compounds consist of nine non-halogenated and six 
halogenated FR compounds.  The reported densities of these 
compounds vary from 1.20 to 1.60 g/cm3.  Compression molded 
plaques of each compound were prepared at 180ºC and used for 
UL 94, LOI, and cone calorimetry.   

Microscale combustion calorimetry was conducted on 2.5 mg 
samples using a Govmark Microscale Combustion Calorimeter 
operated at a heating rate of 1°C/sec to 800°C in the pyrolysis 
zone. The combustion zone was set at 900ºC.  Oxygen and 
nitrogen flow rates were set at 20 and 80 cc/min, respectively. 
Reported values are the average of three measurements on each 
compound. 

Cone calorimetry was run on a Fire Testing Technology cone 
calorimeter per the ASTM E1534 standard using 0.050” x 4.0” x 
4.0” (1.3 mm x 10.2 cm x 10.2 cm) plaques with an external heat 
flux of 35 kW/m2.  A grid was placed on the top of the test 
specimen inside of a frame. Reported cone calorimetry values are 
the average of two test specimens. 

UL 94 flame test was carried out on 5” x 0.5” x 0.125” (127 mm x 
12.8 mm x 3.2 mm) test specimens according to the UL 94 test 
standard. 

Limiting oxygen index was measured using a Redcroft LOI 
instrument on 5” x 0.25” x 0.125” (127 mm x 6.4 mm x 3.2 mm) 
test specimens according to the ASTM D2863 test method. 
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Correlations were determined using JMP statistical software to 
calculate Pearson product-moment correlation coefficients.  
Pearson correlation coefficient can vary from -1 (exact negative 
linear relation) to +1 (exact positive linear relation).  The 
coefficient measures the strength of the linear relationship 
between two variables.  For the following discussion, the strength 
of a correlation coefficient is arbitrarily defined in Table 1.   

 

Table 1.  Definitions for the strength of correlation and 
Pearson correlation coefficient (R) 

Strength of Correlation Pearson R
Strong 0.85 ≤ |R |

Moderate 0.70 ≤ |R |< 0.85
Marginal 0.55 ≤ |R |< 0.70

Weak 0.40 ≤ R < 0.55
Poor |R |< 0.40  

 

3. Results and Discussions 
3.1 Relationship between LOI and UL 94  
Table 2 shows a summary of LOI and UL 94 for non-halogenated 
and halogenated FR compounds. 

 
Table 2.  UL 94 and LOI results for halogenated and 

non-halogenated FR compounds 

Sample ID FR Type Polymer Type LOI
(O2 vol%)

UL-94 
Rating

NH-1 Non-hal Crosslinkable 25.3 HB
NH-2 Non-hal Crosslinkable 37.3 V-0
NH-3 Non-hal Crosslinkable 38.8 V-0
NH-4 Non-hal Thermoplstic 45.3 V-0
NH-5 Non-hal Thermoplstic 38.9 V-0
NH-6 Non-hal Thermoplstic 36.0 V-0
NH-7 Non-hal Thermoplstic 42.0 V-0
NH-8 Non-hal Thermoplstic 37.1 V-0
NH-9 Non-hal Thermoplstic 32.8 V-0
H-1 Hal Crosslinkable 37.4 V-0
H-2 Hal Crosslinkable 38.9 V-0
H-3 Hal Crosslinkable 40.0 V-0
H-4 Hal Crosslinkable 24.8 HB
H-5 Hal Crosslinkable 28.0 HB
H-6 Hal Thermoplstic 37.5 V-0  

 
The relationship between UL 94 and LOI is plotted in Figure 1.   
The results show that FR compounds with LOI ranging from 25- 
28% have UL 94 HB rating.  On the other hand, FR compounds 
with LOI ranging from 33 to 45% have UL 94 V-0 rating.  Note that 
a polyolefin polymer without FR generally has LOI of 18% and 
does not have UL 94 rating.  The above results indicate that there is 
a transition between HB and V-0 for FR compounds around 30% 
LOI. 

1

2

3

20 30 40 50
LOI, O2 vol%

U
L 

94
 R

at
in

g

Non-hal FR Hal FR

V-0

HB

Figure 1.  Relationship between UL 94 and LOI  
 

3.2 Microscale Combustion Calorimetry 
3.2.1 Correlations between MCC parameters.  
Table 3 shows a summary of MCC data for flame retardant 
compounds.  Char yield is defined as percentage by weight of solid 
residue remaining (after the MCC or cone calorimetry) relative to 
initial weight of the test specimen.  The correlation coefficients 
between MCC parameters are shown in Table 4.  

 
Table 3.  Results of microscale combustion calorimetry  

Sample ID T @ PSHRR 
(ºC)

THR 
(kJ/g)

HRC 
(J/g-K)

Char Yield 
(wt%) 

NH-1 501.4 20.9 438 36.8
NH-2 488.1 16.0 282 49.1
NH-3 487.8 16.3 315 45.4
NH-4 488.9 12.3 240 50.5
NH-5 500.7 17.7 517 44.9
NH-6 494.4 16.6 339 44.0
NH-7 498.9 15.4 433 54.4
NH-8 489.6 16.6 336 46.5
NH-9 496.1 17.2 337 44.7
H-1 502.2 26.5 441 20.5
H-2 498.7 24.7 353 10.0
H-3 500.9 24.5 420 24.1
H-4 499.7 24.9 379 13.7
H-5 499.0 26.5 435 8.8
H-6 500.9 25.3 447 1.4  

 
Table 4.  Correlation coefficients between MCC 

parameters 

T @ PSHRR THR HRC Char Yield
T @ PSHRR 1.00

THR 0.73 1.00
HRC 0.86 0.55 1.00

Char Yield -0.60 -0.94 -0.39 1.00  
 
The results show that T@PSHRR has a strong positive linear 
relationship with HRC (R=0.86) and a moderate linear relationship 
with THR (R=0.73).  Thus, FR compounds with high T@PSHRR 
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tend to have high HRC and THR.  This is not expected, and is the 
opposite of the correlations observed with a series of compounds 
that were less diverse in their compositions [15].  It is likely that the 
very broad range of compositions and FR chemistries in the present 
study results in some formulations dominating the correlations 
leading to this surprising result.   

It is also found that THR has a strong negative linear relationship 
with char yield (R=-0.94).  Since the char yield is an indication of 
unburned fuel or filler residue in a FR compound, a FR compound 
with more char yield is expected to produce less heat content during 
combustion.  It is interesting to note that all halogenated FR 
compounds have char yields below 30 wt% while all non-
halogenated FR compounds have char yields above 30 wt%.    

When THR-char yield relationships are analyzed separately for 
halogenated and non-halogenated FR compounds (Figure 2), two 
interesting correlations emerge. For halogenated FR compounds, 
THR is independent of char yield with correlation coefficient of 
0.09, consistent with a predominantly gas-phase flame inhibition 
mechanism for halogenated flame retardants.  On the other hand, 
THR has moderate linear correlation (R=-0.83) with char yield for 
non-halogenated FR compounds. This THR-char yield relationship 
is consistent with predominantly char formation and fuel dilution 
flame retarding mechanisms for metal hydrated fillers typically used 
in non-halogenated FR wire and cable compounds.   
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Figure 2.  Relationship between THR and char yield 

3.2.2 Correlations of LOI and MCC  
LOI was found to have poor correlation with T@PSHRR (R=-
0.35), HRC (R=-0.26), and char yield (R=0.38).  LOI also has 
weak correlation with THR (R=-0.47).  It has been reported in the 
literature that LOI is inversely proportional to HRC0.25 with 
correlation coefficient of 0.84 for pure polymers [16].  Figure 3 
shows the relationship between LOI and HRC from this study.  It 
also compares the LOI-HRC power law relationships for pure 
polymers and FR compounds from this study.  It is interesting to 
note that LOI-HRC power law relationship for FR compounds is 
similar to that of pure polymers, although LOI-HRC curve for FR 
compounds has shifted to higher LOI value at the same HRC 
value. The poor correlation coefficient for the FR compounds 
could be attributed to the incomplete combustion in LOI flame 
test as mentioned in the literature [14]. For polyolefin polymers 
(e.g., polyethylene and ethylene-vinyl acetate) typically used as 
polymer matrix in FR wire and cable compounds, HRC and LOI 
are expected to be around 1000 J/g-K and 18%, respectively.   
Therefore, the FR compounds used in this study have significantly 

lower HRCs as well as higher LOIs when compared to those of 
polyolefin polymers. 
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Figure 3.  Relationships between LOI and HRC for pure 

polymers and FR compounds.  The LOI-HRC 
relationship for pure polymer is obtained from 

Reference [16]. 
 
Although LOI has weak correlation (R=-0.47) with THR when 
including both non-halogenated and halogenated FR compounds 
(Figure 4), the correlation coefficient is significantly improved to -
0.92 when only non-halogenated FR compounds are included in the 
correlation analysis.  Thus, LOI decreases with increasing THR for 
non-halogenated FR compounds.   On the other hand, LOI is poorly 
correlated with THR for halogenated FR compounds.  The poor 
correlation between LOI and THR is most likely due to the inability 
of the MCC to simulate the active gas-phase flame inhibiting 
reactions for halogenated flame retardant in the LOI flame test. 
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Figure 4.  Relationships between LOI and THR for 
halogenated and non-halogenated FR compounds 

 
Similar trends were also observed in the LOI-char yield 
relationship.  The correlation coefficient between LOI and char 
yield improves significantly from 0.38 to 0.87 when only the non-
halogenated FR compound data are included in the correlation 
analysis.  On the other hand, LOI correlates poorly with char yield 
(R=0.21) for halogenated FR compounds. 

3.2.3 Relationship between UL 94 and MCC 
The UL 94 data is compared with MCC parameters in Figures 5, 
6, and 7 for T@PSHRR, THR, and HRC.  The results show that 
there is no sharp transition between V-0 and HB rating for each 
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MCC parameter.  The parameter transition bands where both V-0 
and HB rating can be achieved are from 499ºC to 502ºC for 
T@PSHRR, from 21 kJ/g to 27 kJ/g for THR, and from 380 J/g-K 
to 520 J/g-K for HRC.  Previous work has reported HRC 
transition bands from 200 J/g-K to 400 J/g-K for pure polymers 
and from 500 J/g-K to 700 J/g-K for phosphorus-containing FR 
compounds [2, 11].  The transition band for FR compounds 
investigated here falls between the transition bands of pure 
polymer and phosphorus FR-containing polymer systems.  The 
above analysis indicates that FR compounds would have higher 
probability of achieving UL 94 V-0 rating with T@PSHRR below 
499ºC, THR below 21 kJ/g, and HRC below 380 J/g-K. 
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Figure 5.  Relationship between UL 94 rating and 

T@PSHRR 
 

1

2

3

10 15 20 25 30
THR (MCC), kJ/g

U
L 

94
 R

at
in

g

Non-hal FR Hal FR

V-0

HB

 
Figure 6.  Relationship between UL 94 rating and THR  
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Figure 7.  Relationship between UL 94 rating and HRC 

3.3 Cone Calorimetry  
3.3.1 Correlations between Cone Calorimetry 
Parameters 
Table 5 summarizes the cone calorimetry results. The cone 
calorimetry parameters include time to ignition (TTI), peak heat 
release rate (PHRR), time to PHRR (TTPHRR), total heat released 
(THR), and char yield. Two derived parameters, fire growth rate 
(FIGRA) and fire performance index (FPI) are also calculated.  
FIGRA is defined as PHRR divided by TTPHRR, with lower 
numbers indicating better flame resistance performance.  FPI is 
defined as TTI divided by PHRR, with higher numbers indicating 
better flame resistance performance.  

    
Table 5.  Cone calorimetry results 

Sample 
ID

TTI 
(s)

PHRR 
(kW/m2)

TTPHRR 
(s)

THR 
(kJ/g)

Char 
Yield 
(wt%)

FIGRA 
(kW/m2-s)

FPI 
(s-m2/kW)

NH-1 150 303 210 15.6 36.8 1.44 0.50
NH-2 111 201 268 12.7 46.4 0.75 0.55
NH-3 80 94 163 11.3 49.6 0.58 0.85
NH-4 129 141 248 10.3 51.2 0.57 0.91
NH-5 94 172 228 13.6 43.9 0.76 0.55
NH-6 91 244 198 13.3 41.3 1.24 0.37
NH-7 103 140 168 11.3 50.7 0.84 0.73
NH-8 105 138 265 12.8 44.2 0.52 0.76
NH-9 93 138 248 14.5 42.1 0.56 0.67
H-1 90 346 128 14.4 24.5 2.71 0.26
H-2 73 228 145 10.2 25.1 1.57 0.32
H-3 99 339 140 13.3 33.7 2.42 0.29
H-4 84 376 140 18.4 24.9 2.68 0.22
H-5 71 276 125 11.9 31.0 2.20 0.26
H-6 82 267 130 11.4 8.0 2.05 0.31  

 
Table 6 summarizes the correlation coefficients between cone 
calorimetry parameters.  There are a few good correlations between 
parameters.  Strong correlation (|R| ≥0.85) is found in pairs of 
PHRR-FIGRA, PHRR-FPI, and FIGRA-FPI.  Moderate correlation 
(0.70≤ |R|<0.85) is found in pairs of PHRR-char yield, TTPHRR-
FIGRA, char yield-FIGRA, and char yield-FPI.  In general, FR 
compounds with higher char yields also have better flame resistance 
in terms of lower PHRR, longer TTPHRR, lower FIGRA, and 
higher FPI.  

 
Table 6.  Correlation coefficients between cone 

calorimetry parameters 

TTI PHRR TTPHRR THR Char 
Yield FIGRA FPI

TTI 1.00

PHRR -0.07 1.00
TTPHRR 0.58 -0.60 1.00

THR 0.16 0.57 -0.01 1.00
Char Yield 0.43 -0.71 0.68 -0.19 1.00

FIGRA -0.34 0.93 -0.81 0.40 -0.80 1.00

FPI 0.42 -0.89 0.67 -0.38 0.81 -0.89 1.00  
 
In the above correlation matrix, char yield and THR has a 
correlation coefficient of -0.19.  If the data for non-halogenated and 
halogenated FR compounds are separately analyzed for the 
correlation, it can be found that THR for halogenated FR 
compounds is essentially independent of char yield with correlation 
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coefficient of 0.17 (Figure 8).  The insensitivity of THR dependence 
on char yield for halogenated FR compounds suggests that 
halogenated FR is playing a major role in inhibiting gas-phase 
flame reactions to influence THR in cone calorimetry.  On the other 
hand, THR-char yield has a high correlation coefficient of -0.96 for 
non-halogenated FR compounds.  This suggests that solid phase 
char formation and fuel reduction are two key flame inhibiting 
mechanisms for non-halogenated FR compounds. 
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Figure 8.  Relationship between THR and char yield in 

cone calorimetry 
 
3.3.2 Relationship between LOI and Cone Calorimetry 
The correlation coefficients between LOI and cone calorimetry 
parameters were analyzed for three different data sets: combined 
halogenated and non-halogenated FR compounds, halogenated FR 
compounds only, and non-halogenated FR compounds only (see 
Table 7).   

 
Table 7.  Correlation coefficients between LOI and cone 

calorimetry parameters for three different data sets: 
combined halogenated and non-halogenated FR 

compounds, halogenated FR compounds, and non-
halogenated FR compounds 

Cone Calorimetry 
Parameters

Hal and  Non-hal FR 
Compounds

Hal FR 
Compounds

Non-hal FR 
Compounds

TTI 0.00 0.39 -0.35
PHRR -0.53 -0.35 -0.69

TTPHRR 0.18 0.20 -0.05
THR -0.73 -0.61 -0.92

Char Yield 0.35 -0.15 0.91
FIGRA -0.42 -0.38 -0.62

FPI 0.48 0.83 0.59  
 
In many cases, the correlation coefficients between LOI and cone 
calorimetry parameters are significantly improved for non-
halogenated FR compounds when the data are analyzed separately.  
For example, when combined halogenated and non-halogenated FR 
compound data are used, the LOI-THR pair has the highest 
correlation coefficient of -0.73 compared to other cone calorimetry 
parameters.  When the analysis is done separately for halogenated 
and non-halogenated FR compounds, LOI-THR correlation 
coefficient reduces to -0.61 for halogenated FR compounds and 
improves to -0.92 for non-halogenated FR compounds (Figure 9).   
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Figure 9.  Relationship between LOI and THR in cone 

calorimetry 
 
LOI-char yield correlation coefficient is also significantly improved 
from 0.35 to 0.91 when only non-halogenated FR compounds data 
are used for the correlation analysis.  On the other hand, LOI does 
not correlate with char yield for halogenated FR compounds with a 
correlation coefficient of -0.15.  The above result is similar to the 
LOI-char yield relationship found in MCC.  Both MCC and cone 
calorimetry show that LOI has strong correlation with char yield for 
non-halogenated FR compounds (see Figure 10). 
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Figure 10.  Relationships between LOI and char yield in 

MCC and cone calorimetry for non-halogenated FR 
compounds 

 
It is interesting to note that LOI-FPI correlation coefficient (R=0.83) 
is highest among cone calorimetry parameters for halogenated FR 
compounds (Table 7).   Thus, LOI increases with increasing FPI 
(i.e., better flame resistance). 

3.3.3 Relationship between UL 94 and Cone Calorimetry 
Figures 11-16 show the relationships between UL 94 and cone 
calorimetry parameters: TTI, TTPHRR, PHRR, THR, FIGRA, and 
FPI.   Several semi-quantitative trends are observed.  UL 94 rating 
does not correlate with TTI.  There is a wide transition band of TTI 
between 70 seconds and 150 seconds where FR compounds can 
have either HB or V-0 ratings (Figure 11).  On the other hand, the 
transition band for TTPHRR (between 125 seconds and 210 
seconds) is narrower, and the FR compound has higher probability 
of achieving V-0 rating when TTPHRR is above 210 seconds 
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(Figure 12).   It is interesting to note that halogenated FR 
compounds have TTPHRRs clustered at lower values while non-
halogenated FR compounds have TTPHRRs clustered at higher 
values.  This is most likely due to char formation of non-
halogenated FR compounds during burning, which can delay the 
time to reach the maximum heat release rate (as the char is broken 
apart). 
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Figure 11.  Relationship between UL 94 and TTI 
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Figure 12.  Relationship between UL 94 and TTPHRR 

 
The transition band for PHRR is between 280 kW/m2 and 350 
kW/m2 (Figure 13).  The FR compound has higher probability of 
achieving V-0 rating when PHRR is below 280 kW/m2.  The 
transition band for THR is between 12 kJ/g and 16 kJ/g (Figure 14).  
The FR compound has higher probability of achieving V-0 when 
THR is below 12 kJ/g. 
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Figure 13.  Relationship between UL 94 and PHRR 
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Figure 14.  Relationship between UL 94 and THR 

 
The transition band for FIGRA is between 1.4 kW/m2-s and 2.7 
kW/m2-s (Figure 15).  The FR compound has higher probability of 
achieving V-0 rating when FIGRA is below 1.4 kW/m2-s.  It is 
interesting to note that FIGRAs for all halogenated FR compounds 
are higher than those for non-halogenated FR compounds.   This is 
because halogenated FR compounds tend to have lower TTPHRR 
and higher PHRR (see Figures 12 and 13).    
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Figure 15.  Relationship between UL 94 and FIGRA 

 
The transition band for FPI is between 0.26 s-m2/kW and 0.50 s-
m2/kW (Figure 16).   The FR compound has higher probability of 
achieving V-0 rating when FPI is above 0.5 s-m2/kW.  FPIs for 
halogenated FR compounds are lower than those of non-
halogenated FR compounds.  This can be attributed to lower TTI 
and higher PHRR for halogenated FR compounds compared to non-
halogenated FR compounds (see Figures 11 and 13). 
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Figure 16.  Relationship between UL 94 and FPI 
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3.4 Correlations between MCC and Cone 
Calorimetry 
Table 8 shows a summary of correlation coefficients between 
parameters of MCC and cone calorimetry.  The results show that 
T@PSHRR has marginal to moderate correlations with PHRR, 
TTPHRR, FIGRA, and FPI in cone calorimetry.  THR in MCC has 
moderate to strong correlations with PHRR, TTPHRR, FIGRA, and 
FPI.  HRC only shows weak correlations with PHRR, TTPHRR, 
FIGRA, and FPI (0.40 ≤ |R|< 0.55).   

 
Table 8.  Correlation coefficients between MCC and 

cone calorimetry 

T @ PSHRR THR HRC

TTI -0.16 -0.47 -0.17
PHRR 0.68 0.81 0.43

TTPHRR -0.62 -0.80 -0.48
THR 0.36 0.28 0.26

FIGRA 0.70 0.91 0.47
FPI -0.72 -0.89 -0.51

Microscale Combustion Calorimetry 

C
on

e 
C

al
or

im
et

ry

 
 
The best two correlations for FIGRA-THR and FPI-THR are shown 
in Figures 17 and 18.  The results indicate that halogenated and non-
halogenated FR compounds are separated into two regimes.   
Halogenated FR compounds are clustered around high FIGRA (low 
FPI) and high THR (MCC) while non-halogenated FR compounds 
are clustered around low FIGRA (high FPI) and low THR (MCC). 
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Figure 17.  Relationship between FIGRA and THR (MCC) 
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Figure 18.  Relationship between FPI and THR (MCC) 

Previous work [2] reported a good correlation (R=0.93) between 
PHRR and HRC for pure polymers.  PHRR was found to increase 
with increasing HRC.  In addition, the least-squares fitted line of 
PHRR-HRC data has a slope of about 1 kg-K/m2-s.  On the other 
hand, the present study shows PHRR increases with HRC but the 
correlation is weak with correlation coefficient of 0.43 (Figure 
19).  The slope of the least-squares fitted line from this study is 
about 0.5 kg-K/m2-s.  It has been derived that the slope of the 
PHRR-HRC line is proportional to the net heat flux to the burning 
surface [2].  Since the external heat flux used in the present study 
(35 kW/m2) is lower than 50 kW/m2 used in the previous work 
[2], the lower slope value obtained here is consistent with the 
predicted trend derived in the previous work. 
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Figure 19.  Relationship between PHRR and HRC 

 
The correlation between THR from MCC and THR from cone 
calorimetry is poor (R=0.28).  However, when the data is analyzed 
separately for halogenated and non-halogenated FR compounds, 
the correlation coefficient for non-halogenated FR compounds is 
improved significantly to 0.90 while the correlation coefficient for 
halogenated FR compounds is very low (Figure 20).  Thus, MCC 
is more able to simulate the heat release observed in cone 
calorimetry for non-halogenated FR compounds which are mostly 
formulated with hydrated fillers to reduce fuel content and 
improve char formation.  The poor correlation observed for 
halogenated FR compounds can be attributed to incomplete 
combustion of compounds due to active gas-phase flame-
inhibiting reactions in cone calorimetry compared to the complete 
non-flaming combustion in MCC.  Because of forced complete 
combustion in the combustion zone of MCC, MCC should not be 
expected to simulate the flame-inhibiting reactions occurring in 
cone calorimetry.   
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Figure 20.  Relationship between THR (Cone) and  

THR (MCC) 
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The combustion efficiency in cone calorimetry can be estimated 
based on THR and char yields measured in MCC and cone 
calorimetry.  Figure 21 shows that non-halogenated FR 
compounds have combustion efficiency around 70-80% while 
halogenated FR compounds have combustion efficiency around 
50-60% (except one at ca. 85%).  It can be seen that cone 
calorimetry has significant reduction of combustion efficiency due 
to gas-phase flame-inhibiting reactions of halogenated FR.  
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Figure 21.  Combustion efficiency of non-halogenated 

and halogenated FR compounds 
 
The relationship between the heat release rate in the cone 
calorimeter and HRC is complex for flame retardant systems and 
depends on the chemical and physical action of the flame retardant.  
The simplest burning model that contains the relevant parameters to 
examine this relationship is the combustion-modified steady 
burning model [14]. 

 
(1) 

where Hc and Lg are the effective heat of combustion and 
gasification, respectively, per unit mass of fuel vapor, hg is the heat 
of gasification per unit mass of solid, ΔTp is the temperature interval 
over which pyrolysis takes place, χ is the combustion efficiency in 
the flame, θ is the heat transfer efficiency at the surface, extq ′′  = 35 
kW/m2 is the external heat flux to the burning surface in the cone 
tests of this study, and CHFb = εσ ( 4

pT - 4
0T ) is the critical heat flux 

for burning in terms of the surface emissivity, ε ≈ 0.75, the Stefan-
Boltzmann constant σ =5.67 x 10-8 W/m2-K4, the pyrolysis 
temperature Tp ≈ T@PSHRR, and the ambient temperature T0 = 
300K.  All of the quantities in Equation 1 with the exception of θ 
are known or can be estimated.  For the thermally thin 1.3 mm 
samples of this study that burn at constant temperature, HRR = 
PHRR, hg ≈ 750 kJ/kg is the latent heat of vaporization of the fuel 
gases [16], and ΔTp = THR/HRC ≈ 50K.  Substituting these values 
in Equation 1 along with the χ in Figure 21, the heat transfer 
efficiency (θ) was calculated for each of 15 compounds in Table 2, 

θ =
PHRR hg

χ HRCΔTp ′ ′ q ext −εσ (Tp
4 − T0

4 ){ }
 

The results of these θ calculations are plotted versus the char yield μ 
in the cone calorimeter (Table 5) in Figure 22. The data are fitted 
with the empirical function θ = 10-8μ4

, with correlation coefficient R 
= 0.75, suggesting that char yield alone does not determine the heat 
transfer efficiency. 

 

 
Figure 22.  Heat transfer efficiency versus char yield in 
the cone calorimeter for halogenated (open circles) and 

non-halogenated (filled circles) FR compounds 
 

Figure 22 shows that the non-halogenated FR compounds have 
lower heat transfer efficiency than the halogenated FR compounds, 
which is consistent with the formation of a thermally insulating 
barrier at the burning surface.  The simple burning model (Equation 
1) with burning efficiency terms θ and χ has also been successful at 
correlating MCC parameters with flame extinction in the UL 94 and 
LOI tests [14].    

There is a fundamental difference between thermal combustion 
properties measured in MCC (i.e., HRC, THR, and T@PSHRR) 
and the results of standardized flammability tests.  MCC parameters 
cannot account for the results of flammability tests unless their role 
in the burning process is understood or modeled.  Indeed, thermal 
combustion properties obtained by forced, non-flaming combustion 
in the MCC may have less to do with the results of flammability 
tests in forced flaming (cone) or unforced flaming (flame tests) 
combustion than the chemical and physical processes associated 
with flame retardancy.   In the present study the product of the 
combustion and heat transfer efficiencies (i.e., the burning 
efficiency) ranges from χθ = 0.21 to 0.74 for the 15 compounds for 
which HRC ranges from 240 J/g-K to 517 J/g-K. Thus, χθ varies 
twice as much as HRC for the compounds in this study and 
dominates the results of the fire and flame tests. 

4. Conclusions 
Microscale combustion calorimetry is used to analyze flammability 
of 15 commercially available halogenated and non-halogenated FR 
wire and cable compounds.   Conventional flammability tests such 
as UL 94, LOI, and cone calorimetry were also conducted on the 
same FR compounds.  The correlations between MCC and 
conventional flammability tests were analyzed.  

Key correlation results are summarized as follows.  UL 94 ratings 
of FR compounds were found to have sharp transition at about 30% 
LOI, above which the FR compounds have V-0 rating and below 
which the FR compounds have HB rating.   
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In MCC, T@PSHRR has strong correlation with HRC (R=0.86) and 
moderate correlation with THR (R=0.73). The positive correlations 
of T@PSHRR with HRC and THR are unexpected. It is possible 
that the very broad range of compositions and FR chemistries in the 
present study results in some formulations dominating the 
correlations leading to this surprising result.  THR correlated poorly 
with char yield for halogenated FR compounds but has moderate 
correlation with char yield for non-halogenated FR compounds (R=-
0.83).   

LOI was found inversely proportional to HRC0.25 with correlation 
coefficient of 0.29 for FR compounds.  This power law dependence 
on HRC for FR compounds is similar to that of pure polymers 
reported in the literature.  The poor correlation between LOI and 
HRC for FR compounds could be attributed to the incomplete 
combustion in the LOI flame test.  LOI has strong correlations with 
THR and char yield in MCC for non-halogenated FR compounds 
but is independent of THR and char yield for halogenated FR 
compounds.  For each MCC parameter, there is a transition region 
where FR compounds could have either UL 94 V-0 or HB ratings.  
In general, FR compounds with T@PSHRR below 499ºC, THR 
below 21 kJ/g, and HRC below 380 J/g-K are expected to have high 
probability of achieving UL 94 V-0 rating.     

In cone calorimetry PHRR was found to have strongest correlation 
with FIGRA (R=0.93) and FPI (R=-0.89).  THR has strong 
correlation with char yield (R=-0.96) for non-halogenated FR 
compounds but has no correlation with char yield for halogenated 
FR compounds.  For non-halogenated FR compounds, LOI was 
found to have a strong correlation with THR (R=-0.92) and char 
yield (R=0.91), similar to what was observed in MCC.  UL 94 
rating does not correlate with TTI.  On the other hand, FR 
compounds are expected to have high probability of achieving UL 
94 V-0 rating with TTPHRR above 210 seconds, PHRR below 280 
kW/m2, THR below 12 kJ/g, FIGRA below 1.4 kW/m2-s, and FPI 
above 0.5 s-m2/kW.    

For the relationship between MCC and cone calorimetry, 
T@PSHRR has marginal to moderate correlations with PHRR, 
TTPHRR, FIGRA, and FPI.  THR (MCC) has strongest correlations 
with FIGRA (R=0.91) and FPI (R=-0.89).  On the other hand, HRC 
has poor correlation with cone calorimetry parameters.  Its 
correlation coefficient with PHRR is 0.43 compared to the 
correlation coefficient of 0.93 for pure polymers reported in the 
literature.  This HRC-PHRR correlation difference between systems 
of FR compounds and pure polymers can be attributed to significant 
interaction of incomplete gas-phase combustion, gas-phase flame 
inhibition reactions, char formation, and heat/mass transfer of 
burning FR compounds in cone calorimetry.  

Good correlation is observed between HRC and PHRR in forced 
flaming combustion at high heat flux because burning is relatively 
complete under these conditions, at least for the condensed phase.   
In contrast, burning is incomplete at flame extinction and extrinsic 
factors associated with flame retardancy such as flame inhibition 
and reduced heat transfer due to charring/swelling become 
important.  These extrinsic factors are comparable in magnitude and 
effect to the intrinsic thermal combustion properties at flame 
extinction, so MCC alone cannot correlate flame resistance or fire 
behavior over a broad range of flame retardant chemistry, material 
composition, and test conditions. 

Despite many challenges in correlating MCC with other 
conventional flammability tests, MCC remains an appropriate 
small-scale apparatus for rapid flammability screening of FR 
compounds.  
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