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Formacel 1100:
Spray polyurethane foam
application development

DuPont is expanding the development of Formacel 1100 (HFO-133bmzz-2) as a umique
zero ODP, low GWP, nonVOC, non-flammable foam expansion agent that provides a
balanced option for environmental sustainability, excellent performance and economic
conversion, Formacel 1100 is being launched as a liquid foaming agent offering outstand-
ing insulation performance required in building walls, roofs, appliances and refrigerated
containers. This paper will discuss continued research efforts and customer developmental
actwities to explore and understand the key variables involved with delivering optimum per-
formance in spray polyurethane foam appiications. A number of advanced analytical tools,
such as 'F NMR, were used to couple theoretical models to actual spray foam behavior

including k-factor aging and etficiency.

1. Introduction

Energy efficiency continues to be an impor-
tant global sustainability theme as growing
populations and diminishing natural re-
sources drive fuel costs higher. As fossil fu-
els compnise a significant portion of energy
production, the implications of CO, emis-
sions and the subsequent impact on chmate
change play an important role in driving
change and improvements in energy effi-
ciency through greenhouse gas reduc-
tions [1]. A powerful teol for enabling such
reductions involves the insulation of buildings
with closed-cell polyurethane spray foam.
When properly integrated into high perfor-
mance building envelope designs, closed-cell
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spray polyurethane foams can deliver excep-
tional insulation performance that can trans-
late into significant reductions in energy
consumption and subsequent CO, emissions
over the life of the structure. These foams
are especially effective when fluorocarbon
gases are used as the foam expansion
agents {blowing agents), due to their high
relative molecular weight and corresponding
insulating properties. However, the predomi-
nating fluorocarbon blowing agents,
HFC-245fa and HFC-365mfc, face environ-
mental challenges due 1o their cantribution
to climate change based on their high global
warming potentials (GWPs). Thus a need ex-
ists for high performance fluorocarbon gas-
es with low GWP and zero Ozone Depletion
Potential (ODP) to support the polyurethane
spray foam industry.

In response, the DuPont Company has devel
oped Formacel 1100, a new form of hydro-

¥ Tab. 1: Formacel 1100 toxicological assessments

fluorocarbon which contains @ double bond
that greatly reduces its lifetime n the atmo-
sphere, As a hydroflucroolefin (HFO), Forma-
cel 1100 prowides improved environmental
properties (zero ODP and low GWP) while
maintaining desired foam expansion agent
charactenstics for spray foam such as excek
lent formulation stability, suitable boiling
point, low vapor thermal conductwity and
nonflammability, In addition, Formacel 1100
is expected to be exempt from Volatile Or-
ganic Compound (VOC) regulations. In sup-
port of the continued commercial introduc-
tion of this product, this paper focuses on
general foaming behavior as it pertains to
spray foam applications and diffusion behav-
ior once incorporated into a spray foam in-
stallation.

2. Environmental and toxicity
properties

As with any component of a domestic or com-
mercial bullding, the safety and environmental
properties of the foam expansion agent 1s
important, both from application and service
perspectives, Formace! 1100 (CF.CH=CHCF )
contains no chlorine or bromine atoms and
hence is characterized by a zero ODP [2].
Also, with its double bond, it demonstrates a
short atmospheric ifetime of 22 days and a
low GWP of 2 [3]. The Maximum Incremental
Reactivity (MIR) of Formacel 1100 is 0.04,
only 14 % of that of ethane [4]. Given such a
low reactivity, it is expected that Forma-
cel 1100 will be exempted from VOC regula-
tions and the use of Farmacel 1100 will be
beneficial in reducing VOC emissions.

Formacel 1100 is characterized by very low
acute and chronic inhalation toxicity. No ad-

Test Results
ALCanalLC, Very low acute toxictty
S iiaton Nonrtatiog T re
Mutagenicity Ames Nonmutagenic
Cardiac sensitization Favoranle cardiac sensitization potential profie
: § o —_— —
90 day/deveicpmenta! Favoratle repeated inhalstion profile consistent with 28 day test
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verse mutagenic or reproductive effects
have been observed (tab. 1).

As a consequence of its highly favorable tox-
lcity profile, the DuPont Acceptable Exposure
Limit (AEL) for Formacel 1100 is 500 ppm
(8 hand 12 h timeweighted average, TWA).
Table 2 compares the exposure limit of For-
macel 1100 with commercially available
foam expansion agents.

3. Physical properties

Spray foam applications require non-flamma-
bility due to the relatively large volumes of
matenal that are volatiized in confined spac
es. Formacel 1100 is nonflammable based
on testing in accordance with ASTM
E 68109 "Standard Test Method for Cancen-
tration Limits of Flammability of Chemicals
{Vapors and Gases)" carried out at tempera-
tures of 60 °C and 100 °C.

Formacel 1100 is characterized by a boil-
Ing point and vapor pressure that are very
suitable to polyurethane spray foam pro-

cessing technology. Formacel 1100 has a
vapor pressure very close to that of HCFC-
141b and HFC-365mifc, therefore it can be
used at the optimal foam expansion agent
level in formulations, providing desired
foam properties without the concern for
hugh B-side pressure or flammability. Forma-
cel 1100 has low vapor thermal conductiv-
ity over a broad temperature range, contrib-
uting toward excellent foam insulation per-
formance.

4. Comparison of Formacel
1100 with other zero ODP
foam expansion agent
options

Formacel 1100 provides a balanced option
for polyurethane spray foam applications.
Table 3 compares the properties of Forma-
cel 1100 to other zero ODP foam expansion
agent options. Formacel 1100 is the only
foam expansion agent that provides im-
proved environmental properties (zero ODP
and low GWP) while maintaining the desired
characteristics of HCFC-141b: nonVOC, suit-
able boiling point, low vapor thermal conduc-

of several dependent and independent vari-
ables, working in tandem, to deliver a broad
range of attributes and performance criteria.
Making a substitution of one foam expansion
agent for another can impact a number of
these variables in unpredictable ways, owing
to multiple factors including boiling pont,
solvent characteristics, heats of evapora
tion, melecular weight, etc. As a result, we
chose to explore the mam effects and inter-
actions of the variables via a Design of Ex-
periments (DoE} approach. From this study
we could identify the most important vari-
ables and their interactions in order to de-
sign the most effective optimization strate-
gles.

5.2 Design

The Center for the Polyurethanes Industry
(CPI) medium density generic spray formula:
tion was used as the basis for this study and
consists of the recipe given in table 4.

Based on numerous experiments from the
lab and field which indicated a potential for
significant impact, six factors were selected
as the initial exploration variables for the B-

Tab. 2: Comparison of Formacel 1100 exposire kit tivity and non-flammability. side. In order to identify an area of operabil-
v with commercial foam expansion agents ity (1. e. avoiding ranges where poor or no
, . ez foam formation is expected), the ranges
ooy gy o 5. General reaction character-  shown in table 5 were selected.
Formace 1100 500 istics study (DoE)
NOFC 1410 X Let X, through X, denate the pbw of each of
HEL240k 0 5.1 Rationale the six components (blow catalyst 1, gel
HFC365mic_ 1.000 catalyst, surfactant, water, Formacel 1100,
SIS Kt S By definition, polyurethane foam chemistry is
ety Dpduy Lk -2 0 very complicated involving the interactions .y 4. 71 Conter for the Posurethanes indusiry (CPY
v medinm denisidy generic spray formulation
¥ Tab. 3: Comparison of Formace! 1100 with commercially avallabie foam expansion agents
Property Formacel !100! HCFC-141b | HFC-245fa | HFC-365mfc | Methy! formate A side
Molecule structure CF CH=CHCF, | CCLFCH, | CFEHCHF, | CF.OH.OF.CH, | HODOCH, [ Mo polytsocyanate | 0%
Molecolar weght 164 17 3¢ | 148 60 B side
Boiling pont / °C 33 32 15 40 32 Avoniate polyester palyol 52 pw
apP- 0 ol 0 0 0 Aromatic amino polyether polyal 48 pbw
GWP /100 y ITH ARS 2 782 858 80¢ <25 Blow catalyst 1 1.0 pbw
voe No* No No No No Blow catalyst 2 0.43 pbw
Exposure limits / pom 500° 500 300 1,000 100 Gef catalyst 3.70 pow
Flammability N No No. Yes Yes Silicone surfactant 1.43 pbw
mmmm 10.7 97 127 105 10.7 ::“m a‘; m
*Expactnd basest oe ke MIR vafie, **OuPont Accentibie Exposure Liuts (8- 12 b THAI Formace! 1100 15 pbw
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and isocyanate index). The property Y of in-
terest was modelled by second order and
interaction terms:

V=l o X 410 e DX o B X ¢ B X+ DX+
WX B X7 'hoxn""‘y?xc: UL *PXie
b, -xl‘x: "pux, Ko Py XX, ¢ unxl X+
P XX BN e B XX, e [ 2
P XX P XK o P XK o, XX+

B-side formulation was cooled to 10 °C before
premixing with foam expansion agent and
Aside (polyisocyanate). The components were
mixed at 4,000 min' for 2 s before addition
to suitable vertical moulds. Rise time and tack
free tme were recorded, and then the foams
were allowed to stand for 24 h at room tem-
perature (25 “C/78 °F) before cutting and
characterization via the following methods:

A backward elimination multiple regression
approach was used to establish the mathe-
matical relationships between the amounts
of different ingredients and corresponding
properties. These equations include the
most significant (p>0.15) quadratic or inter-
action terms of the ingredients, maintaining
hierarchy in the model. The statistical sum-
mary parameters (tab. 8) demonstrate that

P XX AP XK DX X the models describe the data accurately
Density ASTM D1622 (high R* ). For tack free time, one month

Thermal conductiity ASTM C518 thermal property at 24 °C (75 “F), lower R

The model has 28 unknown coefficients. To  Closed cell content  ASTM D6226 was observed due to larger experimental er-

allow for goodness of fit of the model to be
assessed, we replicated the centre pont five
times.

Upon cutting into suitable squares for thermal
conductivity testing (skinned), the samples
were stored under ambient conditions for two

rors associated with these properties.

¥ Tab. 5: Parameter sets for Do

A response surface DoE was generated,  months and tested at one month intervals. crni ’ —
however, because of the constraints and Blow catalyst 1* 0.15-0.34 pbw
large number of factors, a computer pro- 5.4 Results and analyses Gel catalyst 1.3-2.9 pbw
gram was used in generating an | “optimal” Silicone surfactant 0.5-3.0 pow
design, so that, with a minimal number of  During the testing regimen, some runs at ex- |8 0.5-25 pbw
experimental points, the desired amount of  treme levels of high and low foaming agents | fomacel 1100° 6-45 pow
information can be extracted from the data.  displayed poor physical properties (e, g. | Socaals 105-130
The resultant DoE had 38 runs (tab. 6). sample no. 3). Table 7 illustrates some of * Blow catalyst 2 used in 2,32 fold amount of blow catalyst |
the raw data obtained from these runs, B e o

Once the experimental runs are determined,
foams are prepared and tested for the prop-
erties of interest. This leads to an extensive,
experimentally generated dataset of foam
compositions and properties. Through statis-
tical regression analysis, mathematical rela-

tionships between properties and composi- 1 52 48 058 | 025 | 210 | 125 |227|154| 2653 | 117
tion are determined. 2 52 43 0.23 010 | 280 300 |227|15| 600 130

3 52 48 0.93 0.40 2.90 1.75 22.7| 200 | 4500 130
5.3 Experimental 4 52 48 023 010 | 130 Q50 |227]|160] 600 | 130
A rigorously controlled hand mixed operation 37 | 82 b 093 | 040 | 290 | 050 |227/230| 2205 | 104
was chosen for populating the DoE. The B | 52 48 058 | 025 | 210 | 175 |227|158| 2653 | 117

¥ Tab. 7: Partia averveew of experanental run data

¥ Tab. 6: Partial overview of expenmental runs
!
Blow | Blow
catalyst 2icatalyst
pbw / pbw

|Aromatic| Aromatic

polyester| amino poly

fample polyol |ether polyol

pbw / pbw l

I| cataiyst} ;urfactam!

| !

Gel Sdicone Formacel| Iso
TCPP | Water 1100 |cyanate

pbw pbw | pbw|/ pow pbw | Index

! !
Cream time | Rise time |
/S min / mn

Thermal performance
[initial) at 24 °C (75 *F)

Thermal performance
(initial) at -7 *C (20 *F)

Average Thermal performance

Tack #
K Woe closed cell |{aged one month) at 24 °C

Density
Sar !
Sampie | kg/m*

} time / min | mW/imK) mW,/imK) (75 *F) / mW/{mK)

1 0.02 0.25 025 378 17.8 178 93.70 195
2 002 0.20 020 66.3 215 191 231 235
3 0.02 0.22 0.28 308 186 196 Heavy shrinkage

] 0.02 0.28 0.28 809 221 199 8543 253
35 002 035 035 336 180 12.8 98.93 188
35 0.02 0.27 0.27 348 174 17.2 80.82 183
£ 002 0.13 0.13 349 187 176 94.6¢ 195
38 0.02 0.17 0.17 40.2 i74 173 G853 181
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5.4.1 Discussion of key output
measurements

The following attributes were examined with
respect to the six factors: rise time, tack
free time, density, initial thermal perfor-
mance at 24 °C (75 “F) and at -7 °C (20 °F),
one month aged thermal performance at
24 °C (75 °F) and at -7 °C (20 °F).

5.4.1.1 Rise time

Figure 1 shows the main effects plat im-
pacting rise time indicating a strong depen-
dence on both catalyst levels with a linear
decrease of rise time with the blow catalysts
and a decrease with quadratic character for

Tab. 8: Overwew of the statistical parameters svaliat-
v ing the qualty of the statrstical models

Rise time 8845

Density 95.89
Mt TPt 24 T3 F) 4.97
One month TP st 24 °C (75 F) 83.02
inimal TP at -7 °C (20 F) 7553
TF = therma performance

¥ Fig. 1: Mzn etfects plot for rise time

the gel catalyst. This is consistent with the
concept that more catalyst should result in
faster reaction times, more heat evolution,
and subsequently a quicker evaporation and
rise of the physical blowing agent, Forma-
cel 1100, with a boiling point of 33 °C. The
concentration of the silicone surfactant had
a shght impact on the nse time; however the
most predominant factor was Forma-
cel 1100 concentration which increased rise
time as a function of higher loadings. This is
consistent with the fact that physical blowing
agents require heat and time to evaporate,
thus having a greater mass of Forma-
cel 1100 in the system requires more time
10 evaporate and rise, all things being equal.

Implications for formulations: as with any
physical blowing agent, this data suggests
balancing the amounts of Formacel 1100
and catalysts are necessary for controlling
desired rise times.

5.4.1.2 Tack free time

As with rise time, the main effects and inter-
action plots (fig. 2) for tack free time illus-
trated a strong dependence on both catalyst
levels and decrease of tack free time with

Fitted means
Eluow catatyst Gol catalyst Silicore surfactant Formacel 1100
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¥ Fig. 2: Mam sffects piot for tack free time
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the blow catalysts showing linear behavior
whereas gel catalyst has significant quadrat-
ic effect. Again this is consistent with the
concept that more catalyst should result in
faster reaction tmes with more heat evoly-
tion. The concentration of the silicone surfac-
tant had a more pronounced impact on tack
free time with a positive quadratic effect. As
with rise time, the most predominant factor
was Formacel 1100 concentration which in-
creased tack free time with higher loadings,
again correlating with the heat and time re-
quired to evaporate the physical blowing
agent. The isocyanate index also had a neg-
ative quadralic effect.

Figure 3 illustrates some important interac-
tions between some of the factors. Water
showed an impact on tack free time when
interacting with both of the catalysts, Forma-
cel 1100 and isocyanate index. At low cata-
lyst or Formacel 1100 levels, with increase
in amount of water, the mean tack free time
increased slightly whereas at high catalyst or
Formacel 1100 levels, increasing amount of
water decreased the tack free time. This
may be related to additional CO, formation
lengthening the expansion phase under low
Formacel 1100 conditions and slower expan-
sion times with less catalyst. Conversely,
with high amounts of Formacel 1100, the
additional water may increase the heat of
reaction, thus shortening the expansion
phase, as would be the case with higher
catalysts loadings. However, at low isocya-
nate index level, increasing amount of water
decreased tack free time and at high isocya-
nate index level, increasing amount of water
increased tack free time.

Implications for formulations: this data sug-
gests balancing the amounts of Forma-
cel 1100, catalysts, water, silicone surfac-
tant, and isocyanate index are critical for
controliing desired tack free times.

5.4.1.3 Density

Figure 4 illustrates the main effects and in-
teractions impacting density. The blow cata-
lyst, gel catalyst, and silicone surfactant
levels all play a minor role. Both the water
level and the Formacel 1100 level showed

p



the strongest impact, as expected being the
major means of controlling density through
gas expansion. Both, however, illustrated a
nondinear plateau effect at highest levels
where the limits of density reduction occur
due to increased open cell content and di-
mensional stability problems,

Implications for formulaticns: this data sug-
gests balancing the amounts of Forma-
cel 1100 and water are critical for controk
ling desired density.

5.4.1.4 Initial k-factor measured at
24 °C (75 °F)

For the main effects and interactions impact-
ing initial thermal conductwity performance
measured at 24 °C (75 °F), figure 5 shows
the blow catalyst, gel catalyst, and silicone
surfactant levels have small influence, In-
creasing water levels led to somewhat high-
er kfactors, potentially due to the higher
thermal conductivity of carbon dioxide re-
leased during the blow reaction. The most
significant impact on thermal conductivity
results from Farmace! 1100 concentrations
with a dramatic decrease in kfactors at in-
creasing levels. This reaches a maximum
impact around 38 pbw before beginning to
reverse. This is consistent with the superior
insulating properties of the Formacel 1100
molecule compared to carbon dioxide and
air.

Implications for formulations: this data illus-
trates the powerful insulzting impact of For-
macel 1100 as a component in rigid foams,
coupled with an optimized level of water.

5.4.1.5 Initial k-factor measured at
-7 °C (20 °F)

In contrast to the 24 °C (75 °F) initial ther-
mal conductivity, figure 6 illustrates the
main effects and interactions impacting ini-
tial thermal conductivity performance mea-
sured at -7 °C (20 °F) with the blow cata-
lyst, gel catalyst, and silicone surfactant
levels having a more pronounced influence,
Also in contrast to the 24 °C (75 °F) case,
increasing water levels lead to somewhat
lower kfactors, possibly from mitigation of

q

condensation of Formacel 1100. The mast
significant impact on thermal conductivity
results from Formacel 1100 concentrations
with a dramatic decrease in kfactors at in-
creasing levels until a local minimum around
28 pbw, followed by & rapid increase to-
ward 45 pbw. This is most likely a direct
resu't of the condensation effect of the
higher boiling Formacel 1100. This has a

¥  Fig. 3: interaction piot for tack free time

detrimental impact on thermal insulation
properties as liquid materials tend to con-
duct heat far more efficiently than gases.
Lastly, the isocyanate index also had an
impact on thermal conductivity in a positive
quadratic response. There were some Sam:
ples that displayed poor performance at
-7 °C (20 *F) as indicated by the last panel
collapse at 24 °C (75 °F),
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Implications for formulations: this data illus-
trates the increased importance of optimiz-
ing water, catalyst, and surfactant levels in  urethane foams.

¥ Fig. 6; Main effects plot for intial k-factor measwead st -7 “C (20 *F)

supporting the powerful insulating impact of
Formacel 1100 as components in rigid poly-
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¥ Fig. 8: Interacton plot for one menth kfactor measured at 24 “C (75 °F)

5.4.1.6 One month k-factor measured
at 24 °C (75 °F)

In the case of one month room temperature
aged foams, figure 7 illustrates a more
dramatic impact of blow calalysts and gel
catalyst than the mitial numbers with nega-
tive and positive quadratic behavior respec-
tively. The silicone surfactant still had little
impact. The most significant impact on ther-
mal conduchivity resuits from Forma-
cel 1100 concentrations with a dramatic
decrease in k-factors at increasing levels
until a local minimum around 28 pbw, fol-
lowed by a rapid increase toward 45 pbw.
This differed from the initial values and re-
sembled the -7 °C (20 °F) case. Lastly, the
isocyanate index also had an Impact on
thermal conductivity in a positive quadratic
fashion.

Figure 8 shows the interactions among the
factors for one month aged 24 °C (75 °F)
thermal performance, Water interacted sig-
nificantly with both of the catalysts, silicone
surfactant, Formacel 1100 and isocyanate
index. At low levels of either catalyst or
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Formacel 1100 or isocyanate index, with
ncrease in amount of water, the mean ther-
mal performance of the aged foams de-
creased, whereas at high levels, increasing
amount of waler increased the mean thermal
performance. Clearly water can play multiple
roles in these reactions, both positive and
negative with impact on thermal perfor-
mance.

Implications for formulations: As shown in
the initial thermal performance examples,
this data illustrates the increased importance
of optimizing water, catalyst, and surfactant
levels in supporting the powerful insulating
impact of Formacel 1100 as components in

surfactant had a shght negative impact at
higher levels, The most significant impact on
thermal conductivity results from Forma-
cel 1100 concentrations with a dramatic
decrease in k-factors at increasing levels un-
til a local minimum around 28 pbw, followed
by a rapid increase toward 45 pbw. Water
also showed a similar minimum behavior at
levels around 1.7 pbw. The isocyanate index
also had a slight impact on thermal conduc-
tivity in a positive quadratic fashion.

Figure 10 illustrates the interactions among
the factors for one month aged -7 *C {20 “F)
thermal performance. Water interacted sig-

nificantly with both of the catalysts, silicone
surfactant, and Formacel 1100. At low levels
of either catalyst or Formacel 1100, with
increase in amount of water, the mean ther-
mal performance of the aged foams de-
creased, whereas at high levels, increasing
amount of water increased the mean thermal
performance. Clearly water can play multiple
roles in these reactions, both positive and
negative with impact on thermal perfor-
mance,

Implications for formulations: As shown in
the initial thermal performance examples,
this data illustrates the increased importance

ngid polyurethane foams, ¥ Fig. 9: Main effacts plot for one month kdactor measured at -7 'C (20 *F)
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of optimizing water, catalyst, and surfactant
levels in supporting the powerful insulating
impact of Formacel 1100 as companents in
rigid polyurethane foams.

5.4.2 Summary of implications for
formulation developments

Taken as a whole, the Dot provides a num-

ber of insights concerning the most impor-
tant factors influencing spray polyurethane
foam formation and end-use performance.
Among these are the Formacel 1100 levels,
water levels, and catalyst levels with isocya-
nate indexes and surfactant levels also play-
ing an important role. The interactons are
complex and often drive the desired outputs
in opposite directions, however, clear trends
emerge which can help guide optimization
efforts with this new foam expansion agent.
The key learning from the Dok is that simply
dropping in one foam expansion agent for
another may not offer the best performance
in a specific system due to the multiple inter-
actions that can occur from important fac-
tors,

Of course, application variables can play a
significant role in modifying foam formation
and subsequent physical and performance
attributes. Selection of the number and
thickness of lifts can dramatically influence
density, cell structure, cell-gas composition,
and diffusion behavior. In addition, other
factors not explored in this Dok such as
selecton of polyols. polyisacyanate, surfac-
tants, catalysts, etc. can impact foam prop-
erties in a major fashion. Overall, any refor-
mulation or improvement strategy should
involve a holistic approach considering all
key aspects of foam production and perfor-
mance.

6. Cell diffusion behavior

6.1 Background

As noted in the introduction, fluorochemical
gases play a critical role in enabling high
performance thermal insulation behavior. As
such, long term retention of these gases in
the insulation matrix is essential for main-
taining the value proposition of enduring
insulation performance. Historically, the re-
tention behavior of gases is estimated by
determining the diffusion constant in the
matrix of interest and extrapolating over
time. A number of methods have been used
and published to obtain such information
ranging from direct measurements of diffu
sion rates across a membrane of polyure-
thane to destructive cell gas analyses of
foam samples over time via infrared and
gas chromatography [7-11]. In the case of
the membrane method, the nature of the
polyurethane may not match well with what
is actually created dynamically on a micro-
scale in foams. The cell gas method im-
proves on this, but introduces complexities
with sampling and reproducibility. In this
section we chose to study the diffusion be-
havior of the Formacel 1100 in foam sam-
ples in situ via a new “*F NMR quantification
method. The benefits of such a method in-
clude easy sample preparation, analysis
and the ability to monitor behavior in situ
repeatedly of the same samples.

6.2 Model system

The madel system chosen for the initial dif-
fusion studies was based on a modified ver-
sion of the CPI generic spray foam formula-
tion as presented in chapter 5, the exception
being a higher loading of blowing agent that

0.010+
§omitT———_ s
E 0.006
i 0.004 —
g 0.0m S ——— l— e~
i __—o—lomu(el 1100 | 'F‘!. 11:
0 10 20 ET) ) 50 60 70 F NMR guantification of
Days Formacel 1160 m foam
samples
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was used to facilitate a stronger response
factor for quantification (at 20 % more).
Foams were prepared via the same proce-
dure outlined in chapter 5 with the required
quantity of blowing agent for the target den-
sity of 2.5 pct (40 kg/m).

6.3 '*F NMR introduction

Nuclear magnetic resonance (NMR) spec-
troscopy IS a penetrative, non-destructive
analytical technique that can be used to iden-
tify and quantify analytes of interest, and
also provide information about thew physical
state [10). The sensitivity, and to some ex-
tent the informativeness, of the technique
depends on the observed nucleus. At natural
isotopic abundance, the '“F nucleus is de-
tected with sensitivity second only to 'H, and
with much greater spectral dispersion, ren-
dering '“F NMR applicable to an especially
wide array of systems [11]. It has previously
been applied to study fluorinated blowing
agents in a polyurethane foam matrix, using
“magic angle" spinning to remove broaden-
ing from dipolar couplings [12], and it has
been used in imaging experiments to deter-
mine the diffusion rates of fuormated blow-
ing agents in polyurethane and polystyrene
foams [13]. Here we report the first use of
*F NMR in the study of static foam samples
to quantify the blowing agents retained there-
in, as a function of aging.

6.4 Experimental

Foam samples were prepared by coring ap-
proximately 8.9 mm outer diameter (0. d.)
cylinders from a larger block. Samples thus
prepared were cut to 5.1 cm length and in-
serted into a cylindrical (10.0 mm o, d.) bo-
rosilicate glass NMR tube. NMR spectra
were acquired on a Varian 700 MHz VNMRS
spectrometer equipped with a 10 mm
F, H probe. For the purposes of absolute
quantitation, an external standard was pre-
pared containing a known pressure
(0.116 bar) of hexafluoroethane, Spectra
were acquired of this standard under ident-
cal conditions as those used with the foam
samples. The pressure of hexafluoroethane
was converted to molar concentration by
use of the ideal gas law (n/V=P/RT),

Fﬂ



6.5 Results

The foam samples were stored under ambi-
ent condibions without confinement between
analyses. Spectra were obtained after 2, 16,
30, and 58 days. Based on the external
hexafluoroethane standard method, fig-
ure 11 prowides the quantification of the
Formacel 1100 concentration as a function
of time {in moles per litre of foam).

6.6 Analysis and coefficient calculation

In this work the effective diffusion coefficient
was determined for the foam blowing agent
in polyurethane foam cells. The fundamental
expenimental data available are the concen-
trations of the blowing agent as a function of
time. Using this data a flux (J) was deter-
mined. This flux was plotted against the con-
centration gradient, dc/dz to determine the
slope, from which the diffusion coefficient as
defined by Fick’s Law [14] was determined
(eq. 1).

dac
Jo-o—&* 1

Where dc is the molar concentration and dz
is the distance from the centre of the foam
cell to the wall. In this work the diameter of
the cell was 300 prn based on SEM determi-
nations.

6.7 Discussion

The calculated diffusion coefficient value of
1.89:107 cm’/s at 25 °C compares favor-
ably with the literature values obtained for
CFCs, HCFCs and HFCs:

CFC-11:
3.94-10% cm/s to 2.43-107 cm¥/s
{depending on polyurethane) (8]
HCFC-141b:
5.00-10" cm?/s to 1,90-10% cm?/s
(different methods) 7, 9. 10}
HFC-245fa:
3.90-10% cm?/s to 5.44.10°% cm?/s
(different methods) [9-11]

As the reference data illustrates, there is a
significant impact of the polyurethane com-

q

position and preparation on the diffusion
rates. In addition, our own studies indicate
the diffusion rates change somewhat as a
function of the age of the foam, with a sig-
nificant impact occurring during the first
couple of months of aging, possibly due to
continued curing, super saturation of foam-
ing agent, and pressure equalization with
CO/air exchange.

Taken in context of these variables and previ
ous studies, the preliminary assessment of
the diffusion behavior of Formacel 1100
would indicate a tavorable profile as a long
term insulating component in high perfor-
mance foam applications. The larger mo-
lecular cross-section, coupled with a low
vapor pressure and moderale solubifity in PU
matrices would support this observation. A
much larger study is underway comparing a
number of blowing agents via the same
methodology for a more comprehensive and
definitive assessment of the diffusion behav-
lor. In a real spray foam application, the nflu-
ence of skin thickness, number of lifts, and
facings will reduce this rate further.

7. Conclusion

Formacel 1100 (CF,CH=CHCF ) represents
an attractive next generation foam expansion
agent for the polyurethane spray foam mar-
ket. It is a zero ODF, low GWP foam expan-
sion agent that provides the desired charac-
tenistics of current HFCs: nonVOC, suitable
boiling point, low vapor thermal conductivity
and nonflammability, With respect to spray
foam applications, an initial DoE of key for-
mulation factors has illustrated the complex-
ity and strength of interactions for impacting
physical and thermal performance attributes.
Among these are the Formacel 1100 levels,
water levels, and catalyst levels with isocya-
nate indexes and surfactant levels also play-
ing an important role. Formace! 1100 pro-
vides substantial thermal insulation perfor-
mance when formulated in conjunction with
water at low to moderate levels. The interac-
tions are complex and often drive the de-
sired outputs in opposite directions, howev-
er, clear trends emerge which can help guide
optimization efforts with this new foam ex-

pansion agent. The key learning from the
Dok is that simply dropping in one foam ex-
pansion agent for another may not offer the
best performance in a specific system due
to the multiple interactions that can occur
from important factors.

Concerning long term retention of Forma-
cel 1100, a new NMR methodology has
been explored as a means of estimating dif-
fusion coefficients in situ of foam samples,
The preliminary assessment of the diffusion
behavior of Formacel 1100 would indicate
a favorable profile as & long term insulating
component in high performance foam ap-
plications.

DuPont is committed to providing environ-
mentally sustainable foam expansion agents
with good insulation performance and cost
effectiveness to the foam industry, DuPont
is conducting further studies to maximize the
performance of Formacel 1100, and is mov-
ing forward with the development and com-
mercialization of Formacel 1100,
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M. Bogdan, D. Williams

Results of latest field evaluations
of Solstice Liquid Blowing Agent
spray foam

Soistice Liquid Blowing Agent (LBA) has a GWP of 1 and is non-flammable. It has proven to
be an ideal replacement for Enovate 245fa in spray foam appiications. A key component
for commercializing any blowing agent is not only its laboratory performance but also its
field performance. Previous papers have focused on the analysis of small scale field evaly-
ations and the evaluation of nitial commercial roof installations. This paper will include a
discussion of the latest results on commercial roofing applications but the primary focus
will be a discussion of the foam quality in the latest spray polyurethane foam (SPF) wall

applications.

1. Introduction

Solstice LBA is an excellent replacement in
the spray foam application for Enovate
245fa. This paper will provide a general re-
view of the physical properties of Solstice
LBA as well as discuss the commercial avail-
ability of the product.

Spray foam is unique in the polyurethane in-
dustry because it is manufactured in the field
at the job site. Solstice LBA-based spray
foam systems are commercially available,
being soid and used globally today. The con-
cept of using Solstice LBA as blowing agent
has been proven [1-4]. Spray foam wall ap-
plications represent over 50 % of the spray
foam market in North Amer:ca. The focus of
this paper is twofold: primarily the evalua-
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tions of the new North American Solstice
LBA wall formulations and secondarily the
evaluation of long term field performance of
roof and wall product sprayed over one year
ago.

2. Properties

Solstice LBA is (E) 1-chlore-3,3, 3rifluoropro-
pene. It is a physical blowing agent that is
suited for use in polyurethane spray foam.
Physical properties are one of a mosaic of
attributes that must be assessed to deter-
mine the suitability of any material as a blow-
ing agent (tab. 1). Solstice LBA is an ideal
blowing agent from the environmental per-
spective since it has an ODP of ~0 and a
GWP of 1. These attributes combined with
the fact that it is nonflammable and does not
have flame limits makes Solstice LBA the
ideal replacement for Enovate 245fa in this
application.

3. Field performance of
Solstice LBA spray foam

3.1 Solstice LBA wall foam

As part of the field evaluation of spray foam
systems, on 17 October 2012, a Solstice
LBA spray foam system was applied to a
small wooden shed located at Honeywell's
research facility in Buffalo, NY, USA. At the

time of writing this paper the structure has
been exposed to 22 months of Western New
York weather. The application was conducted
by a commercial SPF contracting firm and by
an experienced applicator.

Internal wall spray foam application is a com-
mon and growing SPF application (fig. 1).
There are two types of applications: partial
and full wall fill which may result in a single
or multiple lift installation. Both of these ap-
plications were evaluated in the shed. The
partial fill application was simulated with a
single lift 2 inch (5 cm) foam application. The
full fill application was simulated with a dou-
ble lift application of 4 inch (10 cm) in total,
The foam densty was 2.38 Ib/ft* (38 kg/m?).
The wall samples for evaluation were har-
vested from the shed initially and now,
22 months later.

The foam was found to be tightly bonded to
the interior wall throughout the 22 month
period. It remained bonded even while har-
vesting by cutting the wall with a power saw.
There were no hollow spots detected be-
tween the foam and the wall. Both the 2 inch
(5 cm) and 4 inch (10 ¢m) showed no shrink-
age throughout the study.

Fig. 1; internal wall appication
L {all photos by Honeyweh)

¥ Tab. 1: Physical properfies of blowing agents

Motecatar weight 130 24
— -  None - “"‘_,:“
LFLAUFL / voi¥ in ar None None
GWP /1002 17 858151
e 17
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The interior foam removed from the shed
was tested for k-factor. Samples were cut
from the middle of the sheet, laterally, as
well as being a core-cut vertically. This pro-
vides data indicative of real field aging ther-
mal performance of foam. A summary of this
data is listed in table 2 and figure 2. The
results indicate that the most significant
variation is in the 2 inch thick sample. There
is @ 7.3 % Increase in k-factor over the
22 months. The 4 inch thick sample shows
less than 0.1 % variation in k-factor over the
22 months,

3.2 Solstice LBA low slope roofing
foam

For a new product to be successful in the
field it needs to require minimal equipment

¥ Fig. 2: Companson of kfactor versas time

change, process seamlessly, remain cost
effective from an application standpoint and
have equivalent field performance over time.
There has always been an interest in physical
foam performance over time under field ver-
sus laboratory conditions. Other than a small
adjustment in the processing temperatures
and attention to processing conditions, the
applicators have found the transition from
Enovate 245fa to Solstice LBA SPF system
to be seamless. They are using equivalent
equipment and the product is being shipped
in the same containers and has equivalent
shelf ife. They are also seeing increased R-
value, better yields and higher compressive
strengths. The focus of this study was to
evaluate “weathering” of a low slope roof
that has been in the field for over 12 months.
The recent third party inspection of the Sol-
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Tab. 2: k-factor of inlerior wal spray foam tested by ASTM C518 on 1 inch (2.5 cml core foam at mean

temperature of 75 °F (24 °C)

2.58 A

Initial density 41 kg/m 2.38 o/t 38 kg/m*
initlad 0.1417 BTU-n b F) | 204 mWAmK) | 0.1426 BTU-nah - F) | 20.6 mWAm-K)
After 22 months | 01521 BTUWI-F1 | 2L9mWAmK) | 0.1425 BTUn/M ) | 20.6 mW/Am

¥ Fig. 3: Summary of inspection of Cleveland airport roof data inspection report from PERI Seraces inc.)

A = total fF° of deviation 0.0 ¢
8=suzeofroof 14,058 f
A/Bx100 - 0 % deviation
Rating = 10

Rating % Dewation
10 0<0.05
0.05<02
0.2<0.5
05<1.0
1.0<30
3.0<6,0
60<100
10.0<15.0
15.0<50.0
50.0<100

R R TR - SR

stice LBA-blown SPF roof at the Cleveland
Airport shows it achieved an inspection rat-
ing of 10 (fig. 3).

After one year of weathering, the only de-
fects noted were interlaminate delamination
in one of the four core samples and mechan-
ical damage to the surface by a light. De-
lamination is often attributed to improper
processing conditions. The foam showed no
signs of blistering, cracking, or shrinkage.
The compressive strength was >60 psi
(=0.41 MPa) (fig. 4).

The Solstice LBA wall and roof foam that has
been applied in the field is performing well.
In the samples tested, there are no signs of
foam failure due to weathering or exposure.

3.3 Performance of Solstice LBA
SPF wall insulation

The next topic 1s commercial application of
Solstice LBA wall foam. There are two North
American systems houses which have com-
mercial SPF Solstice LBA wall systems, This
paper discusses the properties and full scale
application and evaluation of these systems.
These systems have been evaluated by third
party labs and are in the process of obtain-
ing third party verifications. One system is
manufactured by Lapolla Industries Inc. The
second is manufactured by a systems house
that at this time wishes to be unidentified.

Fig. 4: Resuits of inspection of Cleveland awport roof
(Data from inspection report from PFRI
v Services nc.)

Avg. foam thickness _LZ inches
Avg. coating thickness 32 mis

Mvg. compressive streogth 617 psi

Low compressive strengih 0 % of sampies
Average density 379 pcf

Low density 0 % of samples
Number of sanples tested 4

Bur adhesion 0 % devation
Bur wat D % dewation
Foam adhesion 0 % dewation
Foarn bisters .0 % dewaticn
Foam cracks 0 % devaton
Foam exposed 0 % devation
Foam interlaminar achesion 0 % deviaticn
Foam hfts 0 & deviation
Foam oftvation 0 % deviation
Foam overcoating 0 % deviation
Foam oxidized 0 % deviation
Foam spongy 0 % deviaton
Foam textwe 0 % devigtion
Foam wet _ 0 % deviaton
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3.3.1 Vapor pressure

Since storage and application conditions
vary for SPF throughout the application sea
son, it is important to know the vapor pres-
sure of a polyol component (blend) of the
system. The vapor pressure of a polyol
blend determines the shipping conditions
and impacts the processing parameters.
Figure 5 compares the vapor pressure of a
commercial polyol blend prepared with equi-
molar quantities of Enovate 245fa and Sol-
stice LBA at 54 °C, The Solstice LBA polyol
blend has a significantly lower vapor pres-
sure than the Enovate 245fa blend does. A
11 % reduction in vapor pressure at 60 °C
provides an advantage for shipping, pro-
cessing and storing of Solstice LBA blends.
This reduction in vapor pressure IS Consis-
tent with what has been seen in commercial
SPF roofing systems as well as other formu-
lations.

3.3.2 Shelf life

Spray foam systems are used in the field.
They are traditionally sold in 250 | metal
drums. Because of the variance in job size
and location systems are often purchased in
large quantities reducing associated shipping
costs. This means that systems can be
stored in the field for an extended period of
time. The applicator requires that the reactiv-
ity and processing of the polyol blend remain
equivalent during this storage penod of time.
The shelf life for a SPF system provided by
a manufacturer may vary based upon the ap-
plication area and buying practices of the
applicator. Both systems houses report
polyol blend shelf ife consistent with what is
seen with their Enovate 245fa system:

Tab. 4: Processing parameters for Foam LOK #40
{Equpment: Reactor E-30 propartioner and
Fusion CS spray gun with 250 1t (76.2 m)
v hose)

Lapolla Industries Inc. reports six months
shelf life for both systems, the other sys-
tems house nine months.

3.3.3 Foam quality processing and
field application

Each of the systems houses has had their
formulations tested by third party labs and
have had large scale field applications of
their Solstice LBA systems. The summary of
this data for each manufacturer follows,

3.3.3.1 Evaluation |
(Lapolia Industries Inc.)

The third party test results for Foam-LOK Il
4G, the Solstice LBA SPF manufactured by
Lapolla Industries Inc., are compared with
those of their commercial Enovate 245fa
system in table 3. The Solstice LBA system
has a 8 % higher aged R-value and is equiva-
lent in all other test results.

in late July-August 2014, a home at Purdue
University in West Lafayette, IN, USA, was
sprayed with Foam-Lok II-4G. The exterior
siding was removed from the home and the

wall, attic and basement were sprayed with
the material. Due to weather conditions and
the complexity of the job the application took
four days and involved two drum sets of ma-
terial. A picture of the wall application is
shown in figure 6.

The job was sprayed by a commercial con-
tractor using existing equipment. The appli-
cation parameters for the job are cited in
table 4. The contractor reported minimal
gun fouling during the application and the
foam surface was very smooth. The applica-
tion temperature and pressure for the new
system were optimized.

Fig. 5: Comparison of vapor pressure of Enoate
v 2451z and Solstice [ BA polyof biends

103
11 % lower
M' |
5 7%
&+
“.
Enovate 245t Solstice LA
Temperature 140 *F (60 °C)

Tab. 3: Companson of Enovate 2452 and Salstice LRA foam performance (data prowded by L apolia industries inc.)
v

!

Property ‘

Test method b

Uit

‘ Blovang agent
Aged Rualoe ASTMCSIS | Linch 63 68
Aged l;?cto: i mWAmK 229 212
i W | E® | B
Compeessive strength ASTMD1621 WPy 72-29 '—?)loé).a_‘
Closed cell content ASTM D2856. % >%0 290
Flammabidty ASTM EB4 Class 1 Class |
Dmenionad stabibty (after 28
TR daysst | acTMD2126 |Vol, change /% 4 B

¥ Tab. 5: Field performance data

Application ‘

Processing temperature Surtace Donsity

Aside settings | 130-134°F | 54-57°C 1 internal basement | Concrete | 2.08 b (33.3 ke/m’) 90 .
Bide settings | 130-134F | 54-57°C Extorior wol | Lath and plaster | 2.36 W (37.8 ky/nv') »%0 +
Hose 120-124°F | 49-51°C 2 Exterior wall | Lath and plaster | 2.38 /Y’ (38.1 kg/m?) >80 ”
ASide settngs | 925-1,000psi | 0.4-6.9 bar Enovate 24562 blown foan 4,200 bat (9.91 m?)

2]
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The challenge with any application of SPF is if
the field application will yield equivalent quality
product to the laboratory test environment.
There are three parameters that an applicator
utilizes to assess field performance of a SPF
system. These are applied density, open cell
content and yield (surface coverage). In add-
tion they look at surface adhesion. The sum-
mary of the results from the West Lafayette
project are listed in table 5.

The application at the West Lafayette, IN
home went well, The application data was
within acceptable industry tolerances for
these applications. There is an increase in
density noted between the internal and exter-
nal application of the product. However, this
Is not unanticipated due to the wind and tem-

perature differences between these applica-
tions. The density was the same on both
application days though field conditions were
not identical. The biggest improvement is in
the yield. Yield represents how much cover-
age a contractor gets from a system. This is
significant to a contractor because the more
coverage the less application costs. In es-
sence it is a measure of the efficiency of the
system. In this application there is a 14 %
ncrease in yield,

3.3.3.2 Evaluation Il
(second systems house)

A second systems house has a commercial
quality Solstice LBA SPF system. The third
party test results for this system are com-

¥ Fig. 6: Pictures of foam applicabion in West Latayette, IN, USA

¥ Tab. 6: Comparison of Enovate 245fa and Solstice LBA foam performance (data provided by systems house)

|

Property

‘ Test method ’ Unit : Enovate 245¢fa

] Soistice LBA

Witlal Rvase ASTM €518 Linch 72 76
e 21 2.1

Density kg/m 336 336

: S . psi 22 15-20
Closed ce¥ cantent ASTH D2856 % 95 >95
Flamenabilty ASTM EB4 Class | Class 1
Dimensional stabilty after seven days at
168 F (75.6 °C) / 95 % RH ASTMD2126 | Vol. change / % 6 3
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pared with those of their commercial Fno-
vate 245fa system in table 6. The Solstice
LBA system has a 8 % higher aged Rvalue
and Is equivalent in all other test results.

In late July, a garage of a home was sprayed
with Solstice LBA blown SPF, A single drum
set was used in the application. A picture of
the wall application is shown in figure 7.

The job was sprayed by a commercial con-
tractor using existing equipment. The appli-
cation parameters for the job are listed in
table 7. The contractor reported minimal
gun fouling during the application and the
foam surface was very smooth. The applica-
tion temperature and pressure for the new
system were optimized.

The three parameters that an applicator uti-
lizes to assess field performance of a SPF
system are summarized in table 8 for the
Toronto trial.

The application at the home went well, The
application data was within acceptable indus-
try tolerances for these applications. After
30 days of field exposure the product looked
good. There was no foam blistering, delami-
nation or shrinkage noted at the application
site.

4. Personnel exposure testing
during application of
Solstice LBA spray foam
wall insulation

Although the SPF applicator wears respira-
tory protection during the spray foam appli-
cation, it is important to assess the potential
expasure to Solstice LBA as well. The assay
technology ChemExpress Personal Monitor
X549AT, a passive personal monitor, has
been calibrated for detection of HFC-134a,
HFC-245fa and 1233zd(E). The monitor is
designed to be worn by an indvidual to eval-
uate the exposure to these chemicals. It was
used to assess the personal exposure to
Solstice LBA. The exposure levels faund dur-
ing Solstice LBA roofing spray foam applica-
tion at the applicator were well below the

PEL for the material (tab, 9).



