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Abstract

The present work is dedicated to the development o f a new method, which enables a better understanding of the intumescence 
process. M any studies have investigated char form ation from a chemical aspect but the foaming and strength of the char have not 
been well studied before. Therm al scanning measurements using a rheometer as a fire reactor enable a correlation between the fire 
behaviour and thermal behaviour and the visco-elastic properties o f the material. This study investigates the rheological modifi­
cations of polyurethane therm oset coatings with or without fire-retardant. The rheological and mechanical destruction properties of 
the protective char layer have been correlated with their fire retardant performance for two additives: ammonium polyphosphate 
and expandable graphite. In a first part, the expansion of pure PU and o f intumescent materials under normal force is studied. 
Then, the visco-elastic behaviour is investigated in order to evaluate the different steps of the iniumesceni process (development, 
stability and destruction). Finally, mechanical properties o f the intumescent chars are discussed. 2002 Elsevier Science Ltd. All 
rights reserved.
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1. Introduction

Polyurethanes (PU s) have a large variety  o f  forms 
(foams, adhesives, coatings etc.) w hich find applications 
in both industry  and  daily  life [1]. T he use o f  poly­
urethanes. which a re  com bustib le  [2], leads to an 
increase in fire risks and  thus to  grow ing im portance o f 
flame retardancy. Several app roaches m ay be used to 
flame retard  polym ers, in p a rticu la r intum escence [3.4]. 
W hen heated, in tum escent m ateria ls form  a charred 
protective layer w hich lim its the heat transfer from  the 
heat source to  the su b stra te  and  the m ass transfer from 
the substrate to  the heat source resulting in protection 
o f the underlying m ateria l [5,6].

The fire re ta rd an t perfo rm ance o f  am m onium  poly­
phosphate (A PP) and  expandab le  g raph ite  (EG) in 
polyurethane have been previously  reported  [7], The 
flame retardan t m echanism s o f  b o th  additives have been
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investigated from  a chem ical aspect. W hen A PP is 
added to  PU  [8], ch a r fo rm ation  is favoured. The char 
from  P U /A P P  fo rm ulation  results from  interactions 
between the additive and  the polym er and consists o f  
polym er chains trapped  by phosphate links in the car­
bonaceous shield. In  the case o f  PU/JEG [9], it has pre­
viously been dem onstra ted  th a t there is no chemical 
reaction between the additive and the polymer. Conse­
quently  less ch a r is form ed (com pared with PU /A PP). 
The protective shield from  P U /E G  consists o f  expanded 
“w orm s” o f  graphite  em bedded in the tarry degraded 
m atrix  o f  polyurethane. T hus, the chemical structures o f  
the charred  m aterials are different.

Since the intum escent shield consists o f a m ixture o f  a 
solid (char) and  a liquid phase (tar), the im portance 
o f  the visco-elastic p roperties o f  this layer is evident [10- 
13], A visco-elastic m ateria l possesses a complex 
dynam ic viscosity. Its sto rage m odulus G ' is associated 
with the energy stored  in elastic deform ation and its loss 
m odulus G " is associated w ith the viscous energy dis­
sipation. T he ra tio  o f  G " and  G ' gives another para­
m eter called the dissipation  fac to r o r the loss tangent 
which is a p robe o f  the ability  o f  the m aterial to  deform .
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Investigation o f  these param eters as a function  o f  
tem pera tu re  o r  strain  gives im p o rtan t in fo rm ation  on  
the fire perform ance particularly  on  the intum escence 
process o f  various m aterials. W hen the tem pera tu re  
increases and  under a strain  effect, the m ateria l m ay 
either (icform o r split. In  the case o f  crack fo rm ation , 
the m aterial rapidly degrades via oxygen diffusion and  
m ass/heat transfer between the virgin m ateria l and  the 
flame in degradation  conditions. C onsequently , fo r the 
charred  layer, when form ed, to  be effective it has to 
deform  w ithout crack form ation to  preserve the p ro tec­
tive character o f the carbonaceous shield. Previous 
studies on therm oplastic polym ers have show n good 
correlation  between the different steps o f  in tum escent 
s truc tu re  form ation  and degradation , and  m easure­
m ents o f  the apparen t viscosity [14-17]. This technique, 
recently developed, is a powerful tool in the s tudy  o f 
ch a r form ation  because it enables ch arac terisa tion  o f  
bo th  the intum escent process and the char s treng th . The 
loss o f  the protective character related to  the superficial 
foam  m orphology may be explained by change in the 
viscosity o f  the charred  m aterial under stress. M oreover, 
the m echanical destruction  o f the in tum escent ch a r is 
also an  im p o rtan t task o f  investigation. If a  c h a r  has 
good s truc tu ra l, m orphological and  heat insu lating  
properties bu t is easily destroyed under m echanical 
ac tion , its efficiency is totally lost [13].

This study investigates the rheological and  m echanical 
destruction  properties o f  the protective ch arred  layer 
resulting from  PU /A PP and  PU /E G  therm oset coatings. 
Because these layers are chemically different, it is o f  
interest to  investigate and  to  com pare the rheological 
behav iour o f  the carbonaceous shields form ed from  PU 
A P P  and  P U /E G  and to correlate this b eh av io u r with 
the fire re ta rd an t perform ance o f the coatings.

2. Experimental

2.1. Materials

R aw  m aterials were polym eric d iisocyanate  d iphe- 
ny lm ethane and polyester polyol. P U  coalings are 
o b ta ined  by polycondensation o f  the isocyanate  w'ith 
the polyol. T he m olar ra tio  N C O /O H  has been fixed 
equal to two. Anx*nonium polyphosphate  (A P P . 
(N H 4 P 0 j)„, / i - 7 0 0 .  H oechst H ostaflam  AP422, soluble 
fraction  in H : 0 <  I w t.% ) was inco rpo ra ted  in  P U  a t a 
40 w t.%  loading and  Expandable G rap h ite  (E G . C allo - 
tek  500, G raph itw erk  Krophfmvihl) a t a 15 w t.%  lo ad ­
ing.

In itial m ixing o f  m onom ers w ith the additives is first 
carried  o u t using a T u rb o  T urrax  m ixer (8000 n R a d / 
m in). T hen , the com ponents are stirred  (1000 icRad/' 
m in) in disposable paper cups (500 ml) a t room  tem ­
p era tu re  for 1 min and allowed to polym erise fo r 24 h.

2.2. Thermal scanning rheometer

Rheological m easurem ents were carried  o u t using a 
Rheom etric Scientific A R ES-20A  therm al .scanning 
rheom eter (TSR) in a parallel p lates configuration 
(Fig. 1). A dynam ic viscom eter is a special type o f  ro ta ­
tional viscom eter used fo r characterising  viscoelastic 
fluids. It m easures elastic together w ith  viscous beha­
viour by determ ining the response to  bo th  steady rate 
and oscillatory shear. T he therm al scanning rheom eter 
is designed (using the R H IO S  V 6-4.3  instrum ent con­
figuration) for m onitoring the changes in the rheological 
properties versus tem perature  a n d /o r  time.

C oating samples (2 5 x 2 5 x 1  mm^) were placed 
between the two plates (25 m m  d iam eter) with a starting 
gap a round  1mm. A constan t norm al force was system­
atically applied in order to  ob ta in  good  adhesion between 
sample and plates, and also to  assure the validity o f  the 
results. F irst, the viscosity m easurem ents were carried 
out varying the value o f  the stress, o f  the norm al force 
and o f  the frequency in o rder to  define the best opera t­
ing conditions for determ ining the viscosity values over 
the com plete tem perature  range (20-500 °C). The 
determ ined conditions are; norm al force; 100 g (i.e. 2000 
Pa relative pressure), stra in  value; 5%  (i.e. 2.9®), fre­
quency; 10 rad s " ‘. These cond itions enable preservation 
o f  the m aterial during the fo rm ation  o f  intum escence. An 
initial lest was perform ed over the com plete tem perature 
range (heating rate; 10 “̂ C/min) to  determ ine the char­
acteristic tem peratures correspond ing  to  changes in 
the visco-elastic behaviour. T hen the m easurem ent of 
viscosity was carried ou t a t the correspond ing  tem pera­
tures with a time in the reac to r o f  2 m in before applying 
the norm al force and the strain .

This ap p ara tu s  also enables de term ination  o f  the char 
strength. W ith that aim , a sam ple is placed in the reac­
to r 4 min before m easurem ent in o rd e r to  enable the 
developm ent o f  the intum escence w ithou t any p ertu r­
bation. as shown by T G A  in isotherm al conditions. 
Then the upper plate is pu t in con tac t w ith the m aterial 
and is linearly (0.02 m m /s) forced dow n, with the force
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Fig. 1. Schcmc of ihc rheometer in ihc parullcl plutcs configuraiion.



being followed versus the distance betw een the two 
plates. This is illustrated  in Fig. 2.

The upper p late used in these experim ents has a dia­
m eter o f  5 m m  in o rd e r to increase the pressure on the 
sam ple a n d *50 to  ensure the to tal char destruction.

Blowing m easurem ents w ithout strain  were carried 
ou t using the sam e ap p ara tu s  (plates o f  25 mm d ia ­
meter). A low co n stan t norm al force (30 g i.e. 600 Pa 
relative pressure) w as applied to  the sam ple in order to 
avoid crushing the ch ar, and also to assure the validity 
o f  the results. T he heating rate  w as also 10 °C /m in in 
the range 20-500 'C .

2.3. Thermogravimetric analysis

T G  analyses were perform ed using a  Setaram  M TB 
10-8 therm obalance from  20 to  800 “C a t 10 'C /m in  
under a ir flow (A ir L iquide grade. 5 x 1 0 “  ̂ m ^ s  m ea­
sured in s tan d ard  conditions). Sam ples (ab o u t 10 mg) 
were placed in vitreous silica pans. Precision on tem ­
perature m easurem ents is ± 1 .5  Q.

2.4. Differential scanning calorimetry

Differential scanning calorimetr>' was carried out under 
nitrogen flow (N45 A ir Liquide grade. 5x  10~’ m^/s mea­
sured in standard  conditions) in alum inium  pans using 
Setaram D SC 92 instrum ent (sample weight 10-20 mg). 
The therm ogram  was obtained a t a heating rate  o f  10 °C / 
min from - 2 0  to  100 Glass transition  tem perature 
(7 y  is determ ined according to  D SC  experim ent.

2.5. Thermal volatilisation analysis f tva)

TVA experim ents consist o f  m easuring the pressure 
(via Pirani G auge) o f  substances undergoing transfer from 
one point to  an o th e r in an initially evacuated system, 
which is continuously  pum ped. These experim ents give 
the rate o f  volatilisation versus tem perature (or time). 
TVA experim ents have been carried ou t with a healing 
rate o f  10 C /m in in the tem perature  range 20-500 ^C.
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Fig. 2. Mcasurcmcni of ihc char sircngih.

2.6. Optical microscopy

O ptical microscopy was carried  ou t using an Olym pus 
BX60 m icroscope equipped with a Sony digital Hyper 
H A D  colour video cam era. P ictures were treated using 
the Olym pus M icroim age softw are.

3. Results and discussion

G ood correlation may be obtained  between the blow­
ing m easurem ent w ithout stress, the weight loss (TG A ) 
and the emission o f  gases (TVA). Figs. 3-5 report these 
data  fo r PU , P U /E G  and P U /A P P  coatings.

In the case o f  pure PU . the blowing as well as the 
weight loss and the evolution o f  gases start at 250 '’C. 
The rate o f blowing is very high and the m axim um  gap 
(ftil50% ) is reached a round  300 'C .  W hen the tem pera­
ture increases, the charred  m aterial degrades: the gap 
decreases rapidly between 300 and 370 'C  and  then 
slowly up to 500 °C. It is o f  interest to  note tha t 370 °C 
corresponds to the end o f  the first step o f degradation  
(change o f  the T G A  slope, end o f  the first peak o f  
TVA). According to  these d a ta , we m ay assume th a t the 
char which is form ed between 250 and 300 =C is not 
stable at high tem perature.

The curves for P U /E G  coating  are also significant. A t 
200 =C the m aterial s ta rts  its expansion. This tem pera­
ture also corresponds to  the beginning o f  the weight loss 
and o f  the emission o f  gases. The expansion is very 
quick and is m axim um  a t 300 °C.  F o r higher tem pera­
tures, the gap slowly decreases bu t remains relatively 
high (=5250% a t 500 °C). So, in con trast to PU  coating, 
the carbonaceous layer which is form ed during the 
degradation  o f  P U /E G  i.e. between 200 and 300 '’C  is 
stable in the high tem pera tu re  range. This is interesting 
in term s o f  fire re tardancy  because it is this layer which 
enables insulation o f  the virgin m aterial in a fire o r in 
the degradation  conditions from  the action o f  the heat 
source and which consequently  im parts fire re ta rdan t 
properties to  polym eric m aterial.

In  the case o f  P U /A P P , no blow ing is observed in the 
conditions o f  the experim ent (10 'C /m in). However, a 
small increase in the gap value is observed a t 270 "C.

In fire conditions (Fig. 6), the blowing behaviour is 
different. In the case o f  P U /E G  form ulation , expansion 
up to  10 times its original thickness occurs. The m ixture 
PU /E G  generates an in lum escent layer v.^th a “ worm - 
like" structure. In the case o f  A PP. the blowing o f  the 
sam ple is less im p o rtan t (ab o u t 3 times its original 
thickness).

The viscosity o f  an  in tum escent system is an im por­
tan t param eter which influences the form ation o f  the 
char and  its physical p roperties [10,18,19]. It is generally 
accepted that the viscosity o f  the ch a r has to be low 
enough to  accom m odate the stress induced by the pres-
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sure o f  the trapped gases, and  high enough to  encapsu­
late these gases an d  consequently  prov ide  expansion of 
the m aterial. Fig. 7 repo rts  the dynam ic viscosity versus 
tem perature for P U . P U /E G  and  P U /A P P  coatings 
versus tem perature.

In a therm oplastic polym er [14-17], the intumescence 
process can be divided in three steps: m elt flow, volati­
lisation and  solidification. The viscosity d a ta  are only 
valid for the m elt flow stage before decom position. In 
the two last steps, the phenom enon  which occurs 
between the two p lates is com plicated  an d  the viscosity 
m easurem ents are no t valid. In fact, em ission o f gases 
may result in problem s o f  con tac t betw een the plate and 
the m aterial. In the solidification step, shear and impact 
dam age o f  the m ateria l m ay occur. Even if the para­
meters o f  the experim ent (N orm al force, shear angle...) 
are adjusted in o rd e r to  avoid these problem s, the visc­
osity values can not be taken in to  accoun t by themselves 
but relative varia tion  o f  these d a ta  can be considered.

In the case o f  therm oset polym ers, fo r which carbo­
nisation occurs before m elting, the intum escence process 
is different and m ore com plex. O nly solidification/vola­
tilisation steps are  observed. In the case o f  pure PU, the 
dynamic viscosity increases between 250 and  500 ‘C and 
is lower than  the one o f  the fire re tarded  systems (Fig. 7). 
F o r PU /E G  coating , the intum escent process may be 
divided in three steps:

• a slow increase in the viscosity between 200 and 
300 = C -

•  a rapid  increase in the viscosity between 300 and 
400 C.

•  a decrease in the viscosity between 400 and 
500 =C.

The first step co rresponds to  the expansion zone i.e. 
to the form ation  o f  the intum escent layer as was 
dem onstrated  earlier. A t this step, the m aterial consists 
at the sam e time, o f  gaseous, liquid and  solid phases 
resulting in a slow increase in the viscosity. W hen the 
layer is form ed, the ca rb on isa tion  is still going on. It 
leads to a sharp  increase o f  the viscosity. The last step o f 
j f  may be a ttrib u ted  to  the destruction  o f  the intum es­
cent layer. A t high tem pera tu re , the P U  m atrix  degrades 
but the expanded g raph ite  is stable. T he graphite  planes 
may slip over each o th e r resulting in a decrease o f  the 
viscosity.

In the case o f  PU  A P P , the developm ent o f  the in tu­
mescence process is m ore com plicated: the viscosity 
increases between 170 and  270 °C, then  it decreases 
between 270 and  300 ‘ C, it rem ains nearly  stable between 
300 and 400 ®C and  finally it increases sharp ly  at higher 
tem perature. The phospho-carbondceous layer, which is 
formed during the deg rad a tio n  o f P U /A P P  is composed 
o f  arom atic stacks linked by som e p hosphorous bridges 
(8). The bridges have been dem onstra ted  to  be present

between 290 and  320 =C. The form ation and  the sub­
sequent destruction  o f the bridges could explain the 
successive increase and  the decrease in the viscosity 
between 170 and  300 °C. Spectroscopic investigation [8] 
o f  the in tum escent char has  also showed the presence o f 
phosphoric acid in the tem perature range 290-400 °C. 
The s tructu re  o f  the sam ple could explain the plateau 
between 300 an d  400 ^C. A pasty intum escent shield is 
form ed in which a liquid (the m ajor part) and  a solid 
coexists [15]. T h is liquid phase m ay be responsible o f  the 
stabilisation o f  the viscosity values. The sharp  increase 
in the viscosity fo r a tem perature higher than  400 ®C 
may be explained by a final charring process. The car­
bonaceous ch a r layer is then composed m ainly by a 
solid phase.

The d issipation  factor o r loss tangent (F ig. 8) also 
gives im portan t in form ation  on the intumescence. A 
first peak o f  tan  5 is observed for the three coatings with 
a m axim um  a ro u n d  60 "C. D SC  analyses (Table I) show 
that this tem perature  corresponds to the glass transi­
tion. M oreover, F T IR  spectra [Fig. 9(a)] o f the coatings 
at am bient tem perature  dem onstrate that the poly­
m erisation reaction is no t com plete. The N = C = 0  band 
a round  2270 cm ” ‘ is still observed whatever the coating. 
The m obility  o f  the polym er chains which occurs during 
the glass transition  enables the polym erisation to  finish. 
This is dem onstrated  by the decrease in the intensity o f 
the isocyanate band  in the F T IR  spectra o f  the coatings 
after a heat grad ien t [Fig. 9(b)].

Table 1
Glass transition temperature of PU coalings (DSC measurement)

Coating PU PU EG PU/APP

T, (^C) 46 52 52

Fig. 6. PU-bascd samples after LOI tcsi (42 and 29 vol.% oxygen 
conienl. respectively (for PU/APP and PU/EG).



A second peak  o f  loss tangen t is observed for pure PU  
and  fo r bo th  intum escent m aterials. This peak o f  tan  5 
for pure P U  occurs between 200 and 370 =C with a 
m axim um  a t 330 'C . In  th a t tem perature range, devel­
opm ent o f  the intum escent occurs as was dem onstrated  
earlier. The structure  o f  the m aterial in this range 
includes bo th  a solid phase and  a liquid phase which 
leads to  varia tion  o f loss tangent.

The second peak o f  tan 5 is sim ilar for P U /E G  co a t­
ing but the m axim um  occurs earlier (around  a t 310 C  
i.e. when the expansion o f  P U /E G  is total) and  is lower 
(around  0,3), This may be correla ted  with the presence 
o f  the expandable graphite. T he graphite  con tribu tes to

the solid phase in the intum escent shield and  conse­
quently  leads to  a  loss o f  the elasticity o f  the m aterial. It 
results in a  com parative decrease in tan  6.

In the case o f  PU /A P P , the value o f  the maxin>um o f 
loss tangent is m ore im portant. Its decrease is very fast 
and occurs a round  300 °C w ith a m axim um  a t 290 ®C, 
corresponding  to  a m axim um  o f  the apparen t viscosity 
(Fig. 4). A  p lateau  is observed between 300 and  400 °C, 
as for the dynam ic viscosity data . In  con trast to  EG , 
A PP evolves p h o sp b o rit acid when it degrades and  thus 
contributes to  the liquid phase o f  the intum escent 
shield. M oreover, the phosphorus bridges present in the 
char confer a “ flexibility” which is no t observed for

Temperature ("C)

Fig. 7. Variation of the dynamic viscosity versus temperature for PU (-  PU/EG (—) and PU/APP (—) coatings.

240*C 370'C

Tem perature (*C)

Fig. 8. Variaiion of lan 8 versus temperature for PU (- -)PU/EG (—) and PU/APP (—) coatings.
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Fig. 9. FTIR spectra of PU PU EG (—) and PU/APP (—) coalings before (a) and after (b) a temperature gradient (from ambient to 150 X  
with a heating rate of 10 C/min).
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Fig. 10. Change of the viscosity (a) and of the gap (bj versus time at the beginning of the development of the inlumesccnce proccss {T= 240 "Q  for 
PU (- -), PU/EG (—) and PU/APP (—) coatings.
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Fig. 11. Evoluiion o f  ihc char strength for PU P U /E G  (— ) and PU /A PP {— ) coalings a l a tem perature o f  450 C.

pure PU . This may explain the difference in the varia ­
tion o f  tan S between PU , PU /E G  and  PU /A P P .

Finally , a th ird  peak o f  tan 6 is observed only fo r P U / 
A PP  in the tem perature range 400-500 °C. It co rre ­
sponds to  the carbonisation  process (sharp  increase in 
the viscosity; Fig. 7). This visco-elastic behav iour is o f  
interest in term s o f fire retardancy since, a l high tem ­
pera tu re , the intum esccnt shield may accom m odate  the 
stress due to  internal pressure o f  gases w ithou t crack 
fo rm ation . So, the insulating properties are  m ain tained  
in a high tem perature  range.

A ccord ing  to  these d a ta , it is o f  interest to  analyse the 
visco-elastic behaviour o f  the coatings a t the beginning 
o f  the developm ent o f  the intum escence i.e. a t 240 C. 
Fig. 10 represents the varia tion  o f  the viscosity and  o f  
the gap  versus lim e a l 240 X .  The apparen t viscosity is 
alw ays lower than  tha t o f  intum escenl m ateria ls for 
pure PU  as it has been previously observed in the whole 
tem pera tu re  range. However, its evolution is sim ilar to  
tha t o f  P U /E G  coating; the viscosity increases as a 
function o f  time. In the case o f  P U /A P P . the viscosity 
increases and then decreases after 600 s. This behav iour 
is in teresting in terms o f  fire re tardancy  because when 
intum escence develops, the carbonaceous shield m ay 
deform  w ithou t crack form ation.

T he gap change versus lim e also gives in teresting  
in fo rm ation  on  the char strength  and  on  its foam ing 
behaviour. Indeed, in the case o f  P U /E G , a th ick  layer 
is form ed and  is m aintained th roughou t the experim ent 
(30 m in). This layer is thick enough to  ensure fire p ro ­
tection. In the case o f  P U /A P P , no blowing is observed 
but the  layer is preserved up to  30 min and  it was 
dem onstra ted  earlier tha t its visco-elastic behav iour 
enables us to explain the fire perform ance o f  P U /A P P  
coating . F inally, in the case o f  PU , the streng th  o f  the 
carbonaceous layer is very low. In fact, the shear involves

destruction  o f the shield which consequently  leads to a 
decrease in the gap value versus time.

The m echanical properties o f  the ch a r are  also an 
im portan t task o f  investigation because the efficiency o f 
the fire protection depends up on  these factors.

Fig. 11 represents the dependence betw een the 
destruction  force and  the d istance for pure  PU  and  for 
the intum escent form ulations. T he a p p a ra tu s  enables us 
to study the char properties in the deg radation  cond i­
tions. It is im portan t because the properties o f  the char 
are  different in the flame and  a fte r cooling.

The curve for PU  is typical curve o f  destruction  in 
conditions o f  the com pressional rheom eter [14]. The 
curve m ay be divided into tw o parts: the  destruction  o f 
the char (I— the force is a lm ost constan t) and  the 
destruction  o f  the pyrolysis zone (II— the force increases

degraded matrix of PU

expanded « worms » 
of graphite

Fig. 12. Structure o f P U /E G  after expansion.
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'ig . 13. Opiicul microscopy picture o f ihc surface o f  PU (a), PU /EG <b) and PU/APP (c) samples after exposure al 800 "C during 15 min 
m agnfication:x40).

harply}. In the case o f  intum escent m aterials, the 
)ehaviour is different.

F o r P U /E G  coating , the curve consists o f  two linear 
m t s  which m ay be a ttrib u ted  to  a first com pression o f 
he expanded g rap h ite  worm s followed by a com pres- 
io n  o f  the degraded  m atrix  o f  PU  including expanded 
graphite. In  fact, the blowing o f  g raph ite  is very im por- 
an t and is larger th an  the expansion o f  the m atrix. 
Consequently, the expanded  m aterial will present on  its 
;urface a zone rich in graphite  particles bu t poor in 
legraded m atrix . T he core o f  the m ateria l will present a 
ligher p ro p o rtio n  o f  degraded m atrix  trapp ing  expan- 
led graph ite  “ w orm s” . This s truc tu re  is illustrated in 
~ig. 12. The zone w hich is poor in degraded  PU  m atrix 
s the easiest to  com press. C onsequently , the slope is 
ower in this p a rt o f  the curve.

In the case o f  P U  A PP, the blow ing is very poor as 
lem onstrated earlier. C onsequently , the com pressional 
brce is linear and  very high which corresponds to  the 
:ompression o f  a th in  bu t resistant carbonaceous shield, 
fhe curve does no t present a p a rt correspond ing  to  the 
leslruction o f  the any  foam ed char.

The optical m icroscopic pictures o f  the surface o f  the 
:oatings (Fig. 13) a fte r heat treatm ent are in good agree- 
Tient with previous results. Indeed, cracks are  presented

on the surface in the case o f  PU  w hereas large dom ains 
o f  deform ation are observed fo r P U /A P P  coating. In 
tha t case, a “ hills and  valleys” topography is observed. 
This confirm s th a t the rheological properties o f  the char 
enable deform ation ra ther than  cracking o f  the surface 
which favours the fire re ta rd an t perform ance. In the 
case o f  PU /E G  coating, the structu re  o f  the surface is 
m ainly com posed o f  expanded graphite flakes as pre­
viously assumed.

4. Conclusion

This study develops an  original technique fo r the 
characterisation o f  the intum escence process in the case 
o f  therm oset polyurethane coatings. It enables us to 
obtain  a t the same tim e inform ation  on the foam ing 
process and on the strength  o f  the char. This m ethod is 
in a prelim inary stage o f  developm ent but interesting 
results have already been obtained.

In com bination with spectroscopic study, this study 
enables us to belter understand  the fire re ta rdan t action 
o f  A PP  and EG  in PU  coating. As was previously 
assum ed, the m odes o f  action o f  bo th  additives are  dif­
ferent. In the case o f  P U /E G . a very thick layer is



obta ined . T his layer com bines low density an d  heat 
insuialive properties. This enables it to  im part fire per­
form ance o f  in terest to  the coating. In the case o f  P U ' 
A P P , the carbonaceous layer is no t expanded b u t p re ­
sents a visco-elastic behaviour which ensures the fire 
pro tec tion  in a large range o f tem peratures. Indeed, in 
fire cond itions, deform ation o f the shield occurs ra th e r 
th an  crack fo rm ation , which limits heat and m ass (oxy­
gen as well as fuel) transfer between the virgin po lym er 
and  the flame. It results in fire perform ance o f  in terest.
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