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The effects of variations in processing parameters and material formulations
on the rise-rate characteristics and physical properties of rigid urethane
foams were evaluated.  Of the eight variables studied, only the component
temperature, mix ratio, water concentration, and material reactivity signif-
icantly altered the rise-rate results. The physical properties of the foams
were not appreciably changed.
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-                                                                                 SUMMARY

-           This study was undertaken to determine the effect of various material and
processing variables on the rise-rate characteristics, gel time, and physical
properties of rigid urethane foams.    Of the eight variables studied- -
component temperature, mix time, mix speed, water concentration, mix
ratio, mix quant ity, pour weight, and material reactivity- -only the compo-
nent temperature, water concentration, mix ratio, and material reactivity.
had any significant effect on the evaluated properties of the materials. While
the exact effect of these variables on all foam systems is not predictable
from this work, the trends have been established and all similar materials
should conform to these patterns.

The material reactivity, or catalyst concentration, was the most important
variable affecting tlie rise-rate characteristics and gel times of the foams.
However, not all of the foam systems are equally affected by equivalent
changes in catalyst concentration.  In any case, rise-rate testing may pro-
vide an effie ient  tool for checking the undefined catalyst level in urethane
foams. The catalyst concentration and three other variables caused the
gel time to change as the material reactivity changed. However, the gel
time shift caused by catalyst concentration, did not change at the same rate
as the rise-rate characteristics (the time-to-maximum velocity and the rise

.

time). This indicates that the rise-to-gel ratio of foams can be significantly
altered by proper catalyst and catalyst level selection.

The component temperature was the second most important variable evalu-
ated. To obtain reproducible rise-rate results, the component temperatures
must be maintained within :E2°F (1°C) of their specified values. Also, while   :
changes in component temperature altered the gel times of the foams, these
gel time changes were paralleled by changes in the rise-rate characteristics.
This variable, thenD could not be used for adjusting the rise-to-gel ratio.

The mix ratio, while a more significant variable than the water concentra-
tionp is not as influential as the component temperature or material reactivity
in its effect on the rise-rate and gel-time properties of the foams. Present
material specifications ·usually instruct that the mix ratios be maintained
within :1:1 percent of the indicated values. This percentage normally refers
to  the mix weights. The actual mix ratio variations possible  are less  than
the changes represented by the levels in the study. Thus, present material
specifications should provide adequate control over mix ratios for rise-rate
testing purposes.  As was the case with component temperature, the gel time
changes were matched by changes in the rise-rate characteristics.  This
should eliminate mix ratio adjustments as a control for the rise-to-gel ratio..
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The water concentration of the resin was the least effec tive of the four variables
in altering the rise-rate characteristics and gel times of the foams. Present
materials specifications provide sufficient control over the water content to
give reproducible rise-rate results. Rise-rate testing can only detect resin-
water concentrations considerably outside the established limits. The effect
on the gel time is also minimal.

The compressive strengths of the foams were not significantly affected by
six of the eight variables. Only changes in the mix ratio and component
temperatures caused the compressive strength to change.  As the mix ratio
decreased, the compressive strength decreased because of the less-rigid
polymer created by the lower isocyanate index.  A low component temperature
of 60°F (15°C) drastically lowered the compressive strength of the foam at the
325°F (162°C) test temperature. Further study of this ternperalure effect may
be warranted.

12



DISCUSSION

SCOPE AND PURPOSE

Gross limits for rise-rate characteristics have been iricorporated in
Material Specification 21704021 and 31705672 defining, respectively. the
Bendix Thermalthane 4002-4 and Bendix Thermalthane 4003-8 foam systems.
Sandia Albuquerque had considered placing rise-rate requirements on addi-
tional foam materials. However, before meaningful limits could be established.
the effect of changes in material- and processing variables on the riSe-rate
characteristics had to be determined.

PRIOR WORK

An earlier short term process development order (PDO 6989016) proved that
the rise-rate machine provides reproducible data for measuring the rise-
rate characteristics of rigid urethane foams.3 However, to obtain this
reproducibility, potential material and process variables, such as catalyst
concentrations, mix ratios, and component temperatures, must be closely
controlled. In accordance with the findings of the process development
order, the mechanized mixing apparatus,  Gen K 2423-0-003, which provided
the most reproducible results, was installed in the Materials Engineering
Laboratory.

ACTIVITY

Experiments were conducted to determine how the rise-rate characteristics,
gel times, and physical properties of three rigid urethane foams were
affected by changes in processing parameters and material formulations.

Experiments

The experiments were:planned to study the effect of changes in eight material
and processing variables--component temperature, mix time, mix speed,
water concentration, mix ratio, mix quantity, pour weight, and material
reactivity--on the rise-rate and gel time characteristics and physical properties
of the foam. After the first set of experiments, four of the eight variables
proved to be insignificant. Therefore, the origirial designed experiments were
modified by reducing the number of independent variables to two in each of the
remaining experiments.

13



Three foam systems were included in the study. The varihbles investigated
were  divided to  form two experiments.for each foam system. Experirrients  1,
3, and 5 were used to study the effects of the component temperature-percent
water variables with the polymeric isocyanate-polyether polyol, the polymeric
isocyanate-polyester polyol, and the TDI-polyester polyol materials, respec-
tively. Experiments 2, 4, and 6 were used to study the effects of the mix
ratio-material reactivity variables on the same isocyanate-polyol combinations.

Rise-Rate Procedure

The rise-rate characteristics of the foams were determined using a rise-
rate measuring device similar to that shown in Figure 1. The lightweight
foam  flo at   (A) is placed   on the surface   of the liquid material·  (B).       A   line                                  
attached to the float is connected to the transducer (C).  As the liquid mate-
rial in the cup begins to foam and rise, the float and line are lifted causing
the transducer to turn. The movement of the transducer sends an electrical
signal to the computer amplifier (D). This signal, when graphically recorded
on chart (E), shown in Figure 2, plots the instantaneous rise-height of
the foam versus time while chart (F), shown in Figure 3, records the instan-
taneous velocity of the foam versus time. Definitions for the symbols used
on  Figures  2  and  3 are given in Table  1. The following rise-rate characteristics
are  obtained  from the graphs.

Initiation Time (TI) Time interval from start of mixing to
the time when 2 percent of maximum
foam height occurs.

Time to Maximum Time interval from start of mixing to
Velocity (T ) the time the maximuul velocity occurs.VM

Rise Time (R ) Time interval from start of mixing to theR
i                                       time when 95 percent of the maximum

foam height occurs.

Maximum Velocity (VM  Maximum instantaneous velocity of the
foam.

Maximum Height (XlvI) The final height of the foam.

Rise-Rate Constant (C) VM/XM
Foaming Time (TF) T -TR I

Text continued on page 19.
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Table 1. Definitions of Symbols

Symbol Description

X             Height at Start of Mixing, inches
0

X Maximum Height, inchesm

0 Maximum Height Ordinate, unitsHm

X Rise Height, inchesr

X. Initiation Height, inches
1

V                     Velocity at Start of Mixing, inches /minute0

0 Maximum Velocity Ordinate, unitsVM

Vrn Maximum Instantaneous Velocity, inches /minute
T             Time to Start of Mixing, seconds0
T.          Initiation Time, seconds

1

T           Rise Time, secondsr

T            Time to Maximum Velocity, secondsV
m

T          Foaming Time, Tr-Tif
C Rise-Rate Constant, inches/minute / inch

R Rate Range Selector Setting, inches/ 100 units

H Height Range Selector Setting, inches /minute-100 units

0 Velocity Ordinate
V

0 Height OrdinateH

18



Gel Time Machine                                                 1

The gel times of the foam systems were determined using the Fluidyne Model
121 Pressure Measuring System. This equipment consists of a hollow cy-
linder with a pressure sensing element at its base.  As the foam rises in the
column, a curve of pressure versus time is recorded, as shown in Figure 4.
Since, at the gel point, the viscosity and thus, from Poiseuille's law, the
pressure drop in the column increases rapidly, the gel point of the foam can
be determined by the intersection of the tangents of the relatively linear por-
tion of the curve surrounding the inflection point. 4

Foani Systems

Originally, it was planned to test four materials representing each of thebasic types of foams:

Polymeric Isocyanate-Polyether Polyol
Polymeric Isocyanate-Polyester Polyol,
Toluene Diisocyanate (TDI)- Polyether Polyol,   and
Toluene Diisocyanate (TDI)-Polyester Polyol.

One system, the TDI-Polyether polyol foam, was abandoned because of its
insufficient rise-rate response.

Polymeric Isocyanate-Polyether Polyol Material

This foam system, CPR X57-14B, was purchased from the CPR Division
of the Upjohn Company. The standard formulation for this material was
established as follows:

R-Component PBW

CPR X57-14B Resin (OH No. 2 435) 100.0

Distilled Water 3.1

Catalyst (N-methylmorpholine) 1.0

Cell Stabilizer (DC 193) 1.0

Polymeric Isocyanate (A. E. % 135) 176.7

A mix ratio of 62.7 parts polymeric isocyanate to 37.3 parts of the R-
Component, yielding a material with an isocyanate index of 1.17, was used.

19
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Polymeric Isocyanate- Polyester Polyol Material

The original foam system, CPR X57-29D, planned for this project was not
used because the material was not stable after the addition of water and

- N-methylmorpholine catalyst.  That is, there was a drastic change in the
rise-rate response of the material over a period of five days. The stand-
ard  formulation  for this material was established as follows.

R-Component PBW

CPR X 57-29D Resin (OH No.. 498) 100

Distilled Water 3.1

Catalyst (N-methylmorpholine) 1. 1

Cell Stabilizer (DC 193) 1.0

A mix ratio of 65.3 parts polymeric isocyanate to 34.7 parts of the
R-Component  wa:s  used.

The rise-rate characteristics of the material were determined according to
Process Specification 99520345, using a mix time of 60 seconds and a mix

-             speed of 1,250 rpm (130 rad/s). The experiments, performed the day the
- resin was blended and five days later, yielded these results:

Day 1 Day 5
Initiation Time, Sec. 159 195

Time to Max.  Vel., Sec. 2 94 368

Rise Time, Sec. . 413 505

Max. Vel., in/min. (mm/s) 2.78(1.18) 2.21
Max. Height, in. (mm) 5.30(135) 5.30

Rise-Rate Constant 0.525 0.417

No differences between the base resin and aged R-Component could be de-
tected by gel permeation chromatogr_aphy.   The acid number of both materials
was 3.61. It appeared that some of the amine catalyst was being deactivated
by conversion to its salt.

As a result, the resin.for this system was replaced by BKC 1170 Resin, an
alpha methylglucoside/€ -caprolactone polyester polyol. The standard formu-
lation for  this foam system was established as follows:

..
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R - Component PBW

BKC 1170 Resin (OH No.- 420) 100.0

Distilled Water 3.0

Catalyst (N-methylmorpholine) 0.9

Cell Stabilizer (DC 193) 0.5

Polymeric Isocyanate (AE % 135) . 171.3

A mix ratio of 62.2 parts polymeric isocyanate to 37.8 parts of the
R-Component was used, yielding a material with an isocyanate index  of  1.17.

Toluene Diisocyanate- Polyether Polyol Material

This foam system,  CPR X57- 14A, was abandoned because the material would
not give a satisfactory rise-rate response. To achieve a velocity profile that
could be read accurately, the material had to be over-catalyzed to such an
extent that it could not be adequately mixed. Another material of similar
type was not substituted for the X57- 14A because,  to do so, would have                         -
destroyed any correlation .between  it  and the other polyether polyol material.

Toluene Diisocyanate- Polyester Polyol Material

This material, CPR X57-29C, since it contained the same polyol as did the
CPR X57-29D, experienced the same reactivity changes on aging.   As.a
result, the polyol was replaced with BKC 1170 Resin. The toluene
diisocyanate prepolymer was also replaced with a BKC produced toluene
diisocyanate prepolymer which utilized Bendix 1170 Resin in its manufacture.
The standard formulation for this replacement system  was as follows:

R- Component                                                          PBW

BKC 1170 Resin (OH No. =420) 100.0

Distilled Water 3.0

Catalyst (N-methylmorpholine) 0.35

Cell Stabilizer (DC 193)                -       0. 5

Toluene Diisocyanate
Prepolymer (AE - 130) 157.1

A mix ratio of 60.2 parts prepolymer to 39.8 parts of the R-Component was
used, yielding a material with an isocyanate index of 1. 12.

22



Rise-Rate and Gel Time Results

The rise-rate and gel time experiments were conducted using the variable
coded levels shown in Tables 2 through 7 for each formulation. The actual
experimental results obtained from the various combinations of levels are
shown in Tables 8 through 13. From these tables specific experimental
values for the variables at any level can be obtained. The eight variables
used for the polymeric isocyanate-polyether polyol material, Experiments
1 and 2, were reduced to four. for Experiments 3, 4,  5, and 6 by the
deletion of mix time, mix quantity, mix speed, and pour weight. Since
these variables did not alter the rise-rate and gel time responses in the
first two experiments, it was assumed that their effect would also be
'negligible in the remaining experiments.  This was confirmed by evaluating
these variables at their extreme limits.  When no effect on the properties
of the materials was noticed under these conditions, the previous conclusion
was deemed correct and no furth er experiments using these variables
were conducted.

Rise-Rate and Gel Time Versus Component Temperature

The rise-rate and gel time variables for all three foam systems were affected
similarly by changes ih component temperatures. Graphical'representations
of these effects are shown in Figure 5.

Initiation Time. The initiation times of all three types of foam systems were
affected similarly by changes in component temperatures. This response
reaches a minimum, limited by mix time, as the temperature is increased.
As the component temperature is decreased, the initiation time will approach
a maximum of infinity when the material becomes so cold that it will not foam.
The initiation times of the materials decreased approximately 25 percent for
each 10 degrees F (5°C) increase in component temperature. .

Time to Maximum Velocity. The effect of component temperature on this
response is the same as it was for initiation time. Again the times to
maximum velocity for the materials decreased approximately 25 percent
for each 10 degrees F increase in component temperature.

Rise Time. The effect of component temperature on the rise time--increases
in temperature giving decreases in time--is nearly identical to the temperature
effect on initiation time.  The rise time of the material decreases about 20
percent for each 10 degree F increase in component temperature.

Maximum Velocity. The maximum velocity of each of the three materials
increased approximately 20 percent with each 10 degree F rise in component
temperature.

Text continued on page 38.
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Table 2. Levels of Variables in Experiment 1 for Polymeric
Isocyanate- Polyether Polyol Foam  Systeni.

X1 X2 X3

Comp. Mix Mix X4
Coded Temp Tim e Speed Water
Level (°F) (°C) (sec) (rpm) (R'ad/s) (Percent)

-2              60 (15.6) 40 1000 (104.7) 2.48

-1 70 (21.1)    50              1125 (117.8) 2.79

0              80 (26.7)      60                    1250 (130.9) 3.10

+1 90 (32.2)    70               1375 (144.0) 3.41

+2 100 (37.8)      80                    1500 (157.1) 3.72

Mix ratio = 62.7 percent T-component

Mix quantity = 400 g

Pour weight - 200 g

Grams catalyst per 100.0
parts resin  =  1.0                                                                                                                                                    -
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'I'able 3. Levels of Variables in Experiment 2 for Polymeric
Isocyanate- Polyether Polyol P'oarri System

X1 X2 X3 X4
Coded Mix Ratio Mix Pour Material
Level (Percent T) Quantity (g) Weight (g) . Reactivity

-2 56.7 320 150         - - -

-1 59.7 360 175 Slow*

0 62.7 400 200 Medium**

+1 65.7 440 225 Fast***

+2 68.7 480 250         - - -

40.6 parts catalyst (N-methylmorpholine)/100.0 parts resin

' v 1. 0 parts catalyst (N-methylmorpholine)/100.0 parts resin

***1.4 parts catalyst (N-methylmorpholine)/100. Oparts resin

Mix time.= 60 sec

Component temperature = 80°F (26.7°C)

Mix blade speed = 1250 rpm (130 rad/s)

Parts water per,100.0 parts resin = 3.1
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Table 4. I,evels of Variables in Kxperiment 3 for
Polymeric Isocyanate-Polyester Polyol
Foam  Sys tem

X1

Component X2
Coded Temperature Water
Level (°F) (°C) (Percent)

-2                    60 (15.6) 2.4

-1 70(21.1) 2.7

0              80 (26.7) 3.0

+1 90 (32.2) 3.3

+2             100 (37.8) 3. 6

Mix time = 60 sec

Mix quantity = 400 g

Pour weight = 200 g

Mix speed = 1250 rpm (130 rad/s)

Parts catalyst per
100.0 pai·ls
Res in  =   0.9

Mix ratio = 62.2 percent T-Component
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Table 5. I.,evels of Variables in Experiment 4 for
Polymeric Isocyanate-Polyester Polyol
F'oam  Sys tem

X1 X2
Coded Mix Ratio Material
Level (Percent T) Reactivity

-2 56.2 ---

-1 59.2 S low::<

0 62.2 medium**

+1 65.2 fast***

+2            68.2                  - - -

40.8 parts catalyst (N-methylmorpholine)/
100.0 parts resin

**0.9 parts catalyst (N-methylmorpholine)/
100.0 parts resin

**41.0 parts catalyst. (N-methylmorpholine)/
100.0 parts resin

Mix time = 60 sec

Mix quantity = 400 g

Pour weight = 200 g

Mix speed = 1250 rpm (130 rad/s)

Parts water per 100.0 parts resin = 3.0

Component temperature = 80°F (26.7°C)
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Table 6. Levels of Variables in Experiment 5 for
TDI-Polyester Polyol Foam System

X1
Component X2

Coded Temperature Water
Level (°F) (Percent)

-2        60 (15.6) 2.4

-1           70 (21.1) 2. '7                                                                                                        '                '

0              80 (26.7) 3.0

+1 90 (32.2) 3. 3

+2          100 (37.8) 3. 6

Mix time = 25 sec

Mix quantity = 400 g

Pour weight = 200 g

Mix speed = 1250 rpm (130 rad/s)
Parts catalyst/

100. 0 parts resin = n. 9
Mix ratio = 60.2 percent T-Component                                                 :
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Table 7. 1.,evels  pf Variables  in  Experim ent 6 f() r
T 1)I-Polyester Polyol Foaul Syslem

Xl X2
Coded. Mix Ratio Ma.te rial

Le vel (Percent T) Reactivity
t

-2              54.2                    - - -

-1 57.2 Slow
2'

0 60.2 medium
3

+1 63.2 fast

+2               66.2                     - - -

1.   0.20 paits catalyst (N-111.elhylniurpholhie)/
100.0 parts resin.

2.   0.35 parts catalyst (N-methylmorpholine)/
100.0 parts resin.

3.  0.50 parts catalyst (N-methylmorpholine)/
100.0 parts resin.

Mix speed = 1250 rpm,(130 rad/s)

Mix time = 25 sec

Mix quantity = 400 g

Poui weight = 200 g
Parts water/
100.0 parts resin=.3.0
Component
temperature = 80°F (26.7°C)
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Table 8. Averages and Standard Deviations for the Responses in
Experiment  1.

Design Matrix                                             **Response                                                   =

Line     •
No.

XI  X2  X3  X4    Ti       Tvm     Tr       Vm      Xm      C        Tf       T g

1 -1  -1  -1  -1 166.3 379.3 642.0 1.28 6.75 0.190 475.0 474
2.9 7.8 4.4 0.04 0.13 0.004 5.0

2      +1  +1  -1 -1 105.0 232.4 454.4 1.69 6.56 0.258 349.4
3.5 10.0 9.3 0.09 0.23 0.006 3.2

3      +1  -1  +1 -1 90.0 232.0 441.0 1.72 6.56 0.262 351.0 348
6.1 5.3 17.2 0.17 0.23 0.016 12.6

4      +1  -1  -1  +1 91.5 214.8 427.5 2.16 7.63 0.283 336.0 -

3.4 2.5 11.1 0.04 0.18 0.003 9.6

5      -1 +1 +1 -1 159.2 376.6 620.2 1.30 6.74 0.192 461.0
16.1 15.4 17.3 0.03 0.10 0.005 8.5

6      -1  +1  -1 +1 159.0 378.0 617.0 1.55 7.81 0.199 458.0 487

1.7 3.6 4.6 0.03 0.09 0.001 3.0

7      -1  -1  +1 +1 153.7 371.7 574.1 1.55 7.13 0.218 422.4
10.1 14.2 27.1 0.21 0.82 0.023 22.6

8      +1  +1  +1  +1 102.0 205.8 408.0 2.23 7.33 0.302 306.0 355
1.9 8.7 7.3 0.12 0.15 0.013 8.8

9 0 0 0 0 122.6 294.8 517.8 1.65 6.94 0.238 395.2 412                       -
1.52 2.7 7.2 0.02 0.06 0.001 6.3

100000 117.7 276.0 475.7 1.80 7.33 0.245 358.0 420
3.5 10.1 16.6 0.04 0.06 0.004 14.5

11 +2 000 86.7 157.0 343.0 2.83 6.70 0.422 256.3 341

3.1 12.2 20.1 0.02 0.10 0.009 18.2

12   - -2 0 0 0 203.0 482.0 743.6 1.22 7.13 0.170 540.6 615
7.7 1.6 16.9 0.06 0.20 0.006 10.1

13     0 +2 0 0 127.2 288.4 505.8 1.72 7.07 0.243 378.6
2.3 1.3 11.0 0.05 0.17 0.002 10.0

14      0  -2   0   0 127.8 310.5 529.5 1.49 6.99 0.213 401.8
2.6 9.3 3.7 0.04 0.08 0.004 1.5

15      0   0 +2 0 ' 115.6 287.4 510.4. 1.52 6.80 0.224 395.8
4.1 3.9 5.1 0.02 0.07 0.002 8.9

16      0   0 -2 0 132.0 306.3 547.7 1.62 .6.79 0.239 415.7
2.6 3.8 6.8 0.03 0.09 0.001 9.3

17     0 0 0 +2 110.7 284.0 489.3 2.00 7.99 0.253 378.7 371

2.1 1.0 5.1 0.0 0.16 0.0 6.5

18      0   0   0 -2 140.3 329.0 568.0 1.25 6.08 0.205 427.7 479
0.6 1.7

.

1.0 0.01 0.07 0.002 1.5

* Variable levels from Table 2                                             -              ··
** Definitions from Table I and Figure 4
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Table 9. Averages and Standard Deviations for the Responses in ' -
Experiment 2.

...
Design Matrix Response

Line *   **
No. XI  X2  X3  X4    Ti       Tvm      Tr       Vm      Xm      C        Tf       Tg

1 -1 -1 -1  -1 162.7 400.2 716.5 1.04 6.42 0.162 554.7 540

6.0 4.8 2.9 0.02 0.14 0.005 5.2

2       +1  +1  -1 -1 214.0 539.0 900.7 0.70 5.55 0.126 688.0 661

3.5 1.7 9.7 0.09 0.20 0.001 10.5

3       +1  -1  +1 -1 178.5 482.8 873.5 0.94 7.25 0.129 695.0

7.2 3.8 12.5 0.03 0.17 0.003 12.7

4       +1  -1  -1  +1 113.3 269.3 463.3 1.65 6.11 0.273 350.0

1.5 1.2 2.9 0.05 0.19 0.002 2.0

5       -1 +1 +1 -1 148.7 385.3 689 0 1.41 8.50 0.166 540.3

1.2 1.5 1.7 0.06 0.32 0.001 1.5

6       -1  +1  -1  +1 103.0 243.0 375.0 2.55 7.52 0.339 272.0 273

2.6 3.5 4.0 0.04 0.14 0.001 6.6

7       -1  -1  +1 +1 104.0 248.0 384.0 3.15 8.99 0.351 280.0

1.4 0.0 1.4 0.0 0.01 0.001 0.0

7*      -1  -1  -1 +1 102.0 240.0 379.0 2.57 7.41 0.343 277.0

0.0 0.0 0.0 0.04 0.0 0.0 0.0

8       +1 +1 +1  +1 111.5 268.0 456.5 2.05 7.99 0.256 345.0 345
1

0.7 2.8 0.7 0.0 0.09 0.001 0.0

9 0 0 0 0 118.5 292.5 524.7 1.66 7.20 0.231 406.2 429

3.1 3.3 7.2 0.04 0.21 0.004 7.6

10       0   0   0 0 122.5 296.3 503.8 1.62 6.98 0.231 381.3 433

3.0 4.0 0.5 . 0.06 0.22 0.002 3.4

11     +2  0  0 0 159.0 370.7 751.0 0.84 5.81 0.143 592.0 662

2.6 0.6 4.6 0.01 0.06 0.001 3.6

12      -2   0   0   0 111.3 278.3 445.3 2.28 8.05 0.283 334.0 341

1.0 3.8 2.5 0.02 0.08 0.001 2.4

13       0  +2   0 0 126.7 309.3 552.0 1.54 7.14 0.216 425.3

1.5 0.6 3.0 0.02 0.08 0.0 2.3

14      0  -2   0 0 114.0 303.3 542.0 1.55 7.16 0.217 428.0

2.0 1.5 2.0 0.02 0.08 0.001 0.0

15       0   0  +2 0 114.3 294.3 517.3 1.89 8.47 0.223 403.0

2.5 4.5 5.5 0.05 0.10 0.001 5.2

16       0   0  -2 0 136.0 319.3 539.0 1.24 5.52 0.224 403.3

2.7 1.0 2.7 0.01 0.07 0.002 1.3'

17       0   0   0  -1 171.6 444.6 785.8 1.00 6.92 0.144 614.2

3.0 4.8 12.5 0.05 0.18 0.005 10.3

X3 set at a -1 level instead of +1 level
** Variable levels from Tab le: 3
.*. Definitions from Table I.and Figure 4
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Table 10. Averages and Standard Deviations for the Responses in Experiment 3

Design Matrix Response**

Line
No. Xl* X2   T.      T      T      V      X      C        T      T

1 V r m m                         f           gm

· 1 +1    +1 105.7 243.8 428.0 2.573 6.900 0.3753 322.3 343

1. 7 3. 7 2.2 0.071 0.071 0.0040 1.9

2      -1    +1 176.0 365.0 571.8 1.920 6.593 0.2910 395.8 44

0.8 2 2 2,4 0.014 0.015 0.0014 2. 5

3 .+1 -1 101.8 219·8 391.0 2. 550 6.040 0.4222 287.2 333

0,8 5,0 6,1 0.044 0.055 0.0045 5,4

4      -1     -1 199.3 368.5 565.0 1. 725 5. 738 0.3007 365.8 447

4.2 1. 3 3. 3 0.006 0.015 0.0013 3. 5

5       0     0 140.0 308.8 522.5 1.850 6.300 0.2937 382.5 365

0.8 2.1 2.1 0.014 0.041 0.0012 1.9

6       0      0 139.0 306.5 520.0 1. 730 6.085 '0.2930 381.0 370

1. 6 1. 3 2.2 0.062 0.189 0.0017 1.0

7        +2        0 89.5 184.0 393.0 2.528 0.050 0. 4180 303.5 252

0.6 2. 6 2.9 0.032 0.091 0.0014 2.9

8 --2 0 233.3 474.0 740.0 1.463 6.115 0.2390 506.8 550

1.0 1.8 0.8 0.013 0.037 0.0008 1.5

9       0     +2    126.8 ' 264.0 440.8 2. 768 6.923 ,0.3998 314.0 352

1. 7 3. 7 1.0 0.047 0.092 . 0.0025 2.2

10       0     -2 137.0 280.8 461.0 1.863 5.120 0.3693 324.0 362

1.4 2.1 .3.2 0.015 0.024 0.0097 2.9

*Variable levels from Table 4
**Definitions from Table 1 and Figure 4
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Table 11. Averages and Standard Deviations for the Responses in Experiment 4

Response':":'Design Matrix

T_ine
No. Xl* X2

Ti
T'T V X C  T T

V                r m· ni                             f             gm

1      +1    +1 139.5 305.3 517.8 1.618 5. 613 0.2880 378..3 461

4.4 1. 5 2.2 0.013 0.030 0.0008 2.4

2      -1 +1 120.3 230.0 353.0 3.425 6.500 0.5270 232.8 333

0.5 3. 6 2.4 0.010 0.000 0.0014 2.1

3     +1    -1 159.0 398.0 813.0 0.895 5.185 0.1728 654.0

2.2 0.8 2. 9 0.013 0.064 0.0005 2.4

4      -1    -1 134.3 288.8 462.5 2.233 5.075 0.4398 328.8 618

1.0 1.0 3.8 0.024 0.050 0.0019 1. 9

5       0     0 137.8 304.3 512.8 1.753 6.068 0.2890 375.0 368

-2.5 2.1 5.0 0.010 0.013 0.0020 7. 5

6          0         0 139.6 303.0 521.2 1.784 6.042 0.2954 381.6 365

3.4 6.1 4.7 0.050 0.168 0.0017 6.7

7      +2      0 170.8 424.5 925.0 0.650 4.893 0.1328 754.3

1.4 1. 3 0.0 0.008 0.060 0.0005 2. 5

8      -2      0 116.0 239.0 348.0 3.523 6. 978 0.5048 232.3

1.4 2.4 2. 9 0.032 0.045 0.0033 2. 5

9       0    +1                                                             316

10       0    -1                                                             450

':Variable levels from Table 5
**Definitions from Tobie 1 and Figui·e 4
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Table 12. Averages and Standard Deviations for the Responses in Experiment 5

Design Matrix Response*:k

L ine
No. Xl* X2T.T           T           V           X          C           T           T1 V r m m                         f            gm

1      +1 +1 97.0 ,166.7 398.7 2. 92 7.43 0.393 301.7 315

'

1.0 0.6 2.3 0.03 0.05 .0.001 1. 5

2      -1 +1 172.7 287.7 569.7 1.89 7.40 0.255 397.0 438

0.6 0.6 2. 9 0.01 0.0 0.017 3. 5

3' +1 -1     112. 5 181.0 453.5 2.01 6.36 0.316 341.0 338

2. 5 1.2 1. 7 0.03 0.03 0.004 3. 6

4      -1     -1 186.3 290.5 655.0 1.35 6.10 0.221 468.8 464

3.9 3. 9 4.1 0.01 0.0 0.001 3.0

5        0·      0 127.5 212.8 501. 3 203 6.87 0.293 373.8 387

. 2..9 2.2 2.6 0.02 0.02 0.006 1. 9

6       0     0 140.4 226.2 519.0 1. 91 6.70 0.286 378.6 375

1.8 2.2 2. 9 0.02 0.03 0.003 2.4

7      +2     0 70.0 151.3 389.3 2.49 6.71 0.370 319.3 330

0.0 2. 9 4.3 0.07 0.20 0.001 4.3

8      -2     0 235.0 419.3 779.0 1.19 6.64 0.179 544.0 695

5. 7 5.1 2. 9 0.03 0.05 0.004 4.1

9       0     +2 111.8 190.6 425.2 2.94 7. 97 0.369 313.4 368

2. 5 0.0 3.0 0.02 0.04 0.003 5.0

10       0    -2 149.0 225.8 566.0 1.43 5. 69 0.252 417.0 480

1. 6 2.3 2.2 0.04 0.03 0.006 2. 7

*Variable Levels from Table 6
**Definitions from Table 1 and Figure 4

- '
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Table 13. Averages and Standard Deviations for the Responses in Experiment 6

Design Matrix Response:"'

T-ine
No. Xl*

X2   Ti      T T V X C T TV               r- m m                         f            gm

1       +1 +1 123.0 206.0 453.0 2.388 6.883 0.345 328.8 357

0.8 1.4 0.0 0.051 0.146 0.004 3.2

2       -1 +1 114.5 176.0 389.8 3.000 7.413 0.406 275.3 280

2.6 1.4 3.2 0.070 0.085 0.007 4.1

3       +1     -1 157.5 344.3 726. 5 0. 955 .5.930 0.161 569.0 480

3.8 5. 9 5.2 0.042 0.220 0.002 5. 6

4                 -1            -1 135.7 261.7 586.0 1.400 6.470 0.213 447.0 480

2.1 0.6 6.1 0.070 0.060 0.004 1. 7

5             0         0 129.8 221.8 519.0 2.020 6.74 0.300 389.3 390

0.5 0.5 2.7 0.030 0.05 0.003 3.0

6        0     0 130.8 221. 5 250.0 2.040 6.84 0.298 389.3 384

1.0 2.6 0.0 0.05 0.03 0.006 1.0

7       +2      0 153.4 264.4 630.0 1.370 5. 75 0.238 476.6 600

1. 1 0. 9 7. 9 0.030 0.06 0.004 7.2

8 -2 0 117.7 187.3 451.7 2.470 7.23 0.341 334.0 361

2.5 2.5 1.2 0.060 0.04 0.008 3. 6

*Variable Levels from Table 7
"*Definitions from Tabl·e 1 and Figure 4
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Maximum Height. Changes in component temperature do not alter the final
height of the foam.

Rise-Rate Constant. Since the risa-rate constant is defined as the maximum
velocity divided by the maximum height, and .since the component temperature
has no effect on the final foam height, the effect of changes in component
temperature on the rise-rate constant is identical to the effect that changes
in component temperature have on the maximum velocity..

Foaming Time.  As the component temperature is increased, the foaming
time decreases.  That is, while both the initiation time and rise time decrease
with increases in component temperature, the rise time decreases faster.

Gel Time. Changes in the component temperature had the same effect, higher
temperature and shorter gel time,. on the gel time of the foams  as it did on
the rise-rate results, specifically the time to maximum velocity and the rise
time. Also, while the rise time did decrease faster than the gel time for a
corresponding increase in component temperature, the difference was not
quite large enough to be of major significance. The component temperature,
therefore, can be used for small adjustements in the rise-to-gel ratio but
could probably not be used to cause a major alteration in the ratio of the rise
time to gel time.

From this work, it is impossible to predict the quantitative change in rise-
rate characteristics that will occur in all foam systems as the component
temperature is altered by a.specified amount. The general trend is evident
and most similar foam materials should conform to these patterns. However,
it should be emphasized, that to obtain reproducible results, the component
temperatures of materials undergoing rise-rate tests must be maintained at
least within :E2°F (:El°C) of the specified values.

Rise-Rate and Gel Time Results Versus Percent Water

The polymeric isocyanate-polyether polyol and the toluene diisocyanate-
polyester polyol materials were affected similarly by changes in resin water
concentration. These changes had a greater effect on the toluene diisocyanate
material  than  they   did   on the polymeric isocyanate-polyether polyol  foam.
Most of the rise-rate responses of the polymeric isocyanate-polyester polyol
system were not altered by changes in resin water concentrations. Graphical
representations of these effects are shown in Figure 6.
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Initiation 'rime. The initiation times of the two affected materials were
- decreased slightly with increased water concentration. This might be expected

since the reaction between the water and the isocyanate creates an amine
which could catalyze further 'reactions. 6 The change in initiation time was
small however,  with a decrease of approximately 5 percent for each 10'
percent increase in water content.

Time to Maximum Velocity. Again the times to maximum velocity were
decreased, as it was for initiation time, about 5 percent for a 10 percent
increase in water concentration.

Rise Time. The effect of resin water concentration on the rise time is the
same as it was for intiation time and time to maximum velocity.

Maximum Velocity. The maximum velocity of all of the foams increased as
the water concentration increased. The water-isocyanate reaction, besides
creating a catalytic amine, yields the carbon dioxide required to expand the
foam. Thus assuming no catalytic effect by the created amine, additional
water yields more carbon dioxide per unit of time, thereby making the foam
expand at a faster rate. Any catalytic effect of the amine would then add to
this velocity change.

Maximum Height.  As the water concentration of the resin increased, so did
the final height of the foam.  The foam will rise higher in the cup because of

.

the lower free- ri.se density created by the additional water. Approximately
a 5 percent increase in final height is recorded for each 10 percent increase
in water content.

Rise-Rate Constaot. The rise-rate constant of the polymeric isocyanate
polyether polyol and toluene diisocyanate polyester polyol materials increased
as the water concentration increased.  'I'his same response was not noted
for the polymeric isocyanate-polyester polyol material. While the maximum
velocity and maximum height of this foam increase as water was increased,
and since the rise-rate constant is equal to the maximum velocity divided by
the maximum height, this would indicate that the maximum velocity and
height of the polymeric isocyanate-polyester polyol material was increased

proportionately by increased water concentration and due to increased foam
expansion only.

Had the reaction been catalyzed in some manner, not only the maximum

velocity and maximum height, but also the rise-rate constant would have
'        changed.

Foaming Time. The foaming time of the two affected materials were decreased
about 5 percent by a 10 percent increase in water concentration.
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Gel Time. The water concentration of the resin had a minor effect on the
gel time of the foams.  As the percent water increased, the gel time
decreased slightly. However, the rise time and gel time changed at
approximately the same rate, thereby negating the water concentration as a
controller of the rise to gel ralio.

As was the case with component temperature, it is impossible to predict the
quantitative changes that will occur in the rise-rate characteristics of all
foam systems as the resin water concentration is varied. Again, the general
trend is evident and most similar materials should conform to these patterns.
The toluene diisocyanate foams, probably because the reactivity of toluene
diisocyanate is greater than that of polymeric isocyanate, are more affected
by changes in water concentration than are the polymeric isocyanate materials.
The polymeric isocyanate-polyester polyol foam was not affected by changes
in resin water concentration, except for differences in maximum velocity
and maximum height due to density rather than reactivity changes. Since the
reactivity of isocyanates with active hydrogen compounds is in the order of
primary hydroxyl groups, water, and secondary hydroxyl groups,7 the
additional water would probably have accelerated the polyether materials
more than the polyesters.

The resin-water content, while it does contribute to the rise-rate and gel
time characteristics of the foam, is not nearly as significant a variable as
is the component temperature. The control exercised over the resin
component water concentration in present material specifications is more
than sufficient to give reproducible rise-rate and gel time results. Rise-rate
and gel time testing can only detect water concentration variations that are
significantly outside the presently prescribed limits.

Rise-Rate and Gel Time Results Versus Mix Ratio

The following seven rise-rate variables of each of the foam systems were
affected similarly by changes in the isocyanate content of the foam.  See
Figure  7.

Initiation Time. The initiation times of all the foam systems were increased
by an increase in the mix ratio. In general, an increase from approximately
60 percent to 63 percent of the isocyanate in the total mixture results in about
an 8 percent increase in the initiation time.

Time to Maximum Velocity.    As  was the· initiation  time,   the  time to maximum
velocity is increased approximately 10 percent by a similar increase in the
mix ratio.
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Rise Time.  As was related previously, the rise time is also increased
about 10 percent as the mix ratio is increased the referenced amount.

Maximum Velocity. As expected, the maximum velocities of the foams
decrease, about 20 percent, as the mix ratio is increased.

Maximum Height. The maximum heights of the foams decrease about 7
percent as the mix ratio is increased.

Rise-Rate Constant. The rise-rate constants follow the trend and decrease
about 15 percent with the increased mix ratio.

Foaming Time. An increase in the mix ratio causes the foaming time to
lengthen about 15 percent for an increase of from 60 percent to 63 percent
isocyanate  in the total  foam.

Gel Time. Changes in mix ratio will significantly affect the gel times of the
foams, with lower mix :ratios yielding shorter gel times. However, as with
the percent water, the gel time and rise time change at the same rate, also
eliminating the mix ratio as a means of controlling the rise to gel ratio.

-           Again, it is impossible to predict the exact effect of mix ratio changes on
the rise-rate and gel time characteristics of the foam. Most similar foam
systems should, however, conform to the general trends.  The mix ratio

.
changes, besides altering the isocyanate-to-resin ratio, also change the
concentration of water and catalyst in the foaming system. These will, as
explained, have their effect on the total foam system reactivity.

The mix ratio, which is a more significant variable than the water concentra-
tion, is not as influential as the component temperature in its effect on the
rise-rate and gel time properties of the foams. Present material specifica-
tions usually instruct that the mix ratios be maintained within :t 1 percent of
the indicated values. The percentage is normally with reference to the mix
weights and, as such, the actual mix ratio variations possible are sufficiently
less than the changes indicated by the levels in the study. Thus, present
material specifications should provide adequate control on mix ratios for
rise-rate and gel time testing purposes.

Rise-Rate and Gel Time Results Versus Material Reactivity

The catalyst concentration in the resin is the most significant variable affecting
the rise-rate and gel time characteristics of the foams. However, different
catalyst concentrations and variations on these concentrations were necessary
to obtain satisfactory rise-rate curves for each of the foam systems.  As such,
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a direct comparison of the different materials is not applicable. Figure
8, keeping in mind that the levels +2 through -2 do not represeAt equivalent
catalyst concentrations, show comparative graphs of the results.  By
comparing these figures with the variable levels indicated in Tables 3, 5, and
7 the effect of changes in the amount of catalyst in the foam system can be
seen.

The catalyst concentration in the foam was the major factor influencing the
rise-to-gel ratio of the material. Increasing the catalyst level naturally
caused the foam to gel faster, that is, yielded shorter gel time. However,
as the gel times decreased, the rise time decreased even faster.  Thus,
catalyst concentration appears to be the important variable for adjusting the
rise  to gel ratio of foams.

Materials specifications do not attempt to control the catalyst concentrations
of the foam system they represent. Rise-rate testing can detect small
changes in the catalyst concentrations, especially in polyester polyol and
toluene diisocyanate foams, and as such would be a good test for establishing
control over this formulation variable.

Physical Properties, Compressive Strength

The compressive strength of the polymeric isocyanate-polyether polyol mate-
rial was evaluated using test specimens cut from 20 pounds per cubic foot
(320 kg/m3) nominal deysity,  6- by 6- by 1 inch test blocks.  The 3 pounds
per cubic foot (48 kg/m ) nominal density, free-rise billets used for the
rise-rate determinations were also evaluated.  All of the foam samples were
cured for 8 hours at 325°F. The average compressive strengths obtained
are shown in Tables 14 through 18.

]
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Test Blocks. Specimens 1.129 inches (28.68 mm) in diameter and 1.000
inch (25.40 min) high were cut from the blocks, and compression tested
at both room temperature and 325°F. The average compressive strength
results for the various lines of Experiments 1 and 2 are listed in Tables           '
14 and 15, respectively. All values have been normalized to a density of
20 pounds per cubic foot.

Only two of the variables appeared to have any significant effect on the data.
A low component temperature of 60°F (15°C) drastically reduced the com-
pressive strength of the foeim at the 325°F test temperature.  This is, as
yet, unexplained, but could very well be due to a compatibility problem or
incomplete mixing caused by the lower reactivity of the material at this
temperature. In Experiment 2, the compressive strength, especially at
the elevated temperature, is reduced by a decrease in the mix ratio, (less
isocyanate).  This is caused by the creation of a less rigid polymer because
of the low, 0.9 isocyanate index. Other strength differences whi ch may
appear are more readily attributable to test block density gradients than to
the variables themselves. However, since only two of.the variables were
affecting the results, ·and then mostly only at elevated temperatures, this
portion of the experiment was deleted on the remaining experiment on the
basis that the effect of mix ratio and component temperature on compressive
strength could be investigated later if warranted.

Free-Rise Samples. One-inch cube test samples were cut from the core of0
each of the billets used for rise-rate determinations. These specimens
were then compression tested, both parallel and perpendicular to the direction
of foam rise. The compressive strengths recorded on these tests, as shown
in  Tables  16  and  17,  were  so  low that any attempt at comparison would be
masked, since most' of the differences are well within the range of the
experimental error: '  This portion of the work was also abandoned for the
rest of the experiments.

Text continued on page 54.
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Table 14. Averages and Standard Deviations for Responses in
Experiment 1--Test Blocks

Percent Response

Design Matrix          6,       10 ULT MOD      6,       10,      MOD
Room Temperature 3250F

Line   XI   X2   X3   X4
No. Yll Y 12 Y 13 Y 14 Y 15 Y 16 Y 17

1 -1 923.7 899.5 933.3 32453. 329.1 347.2 14969.

23.5 27.2 24.6 1377. 60.8 42.9 1961.

2      +1   +1 -1 880.5 837.1 886.7 35041. 363.4 372.6 19061.

29. 1 28.6 28.6 2007. 11.8 11.8 632.

3 '    +1   -1 +1 920.9 895.7 928.8 36562. 386.0 400.5 17925.

9.5 6.9 8.4 1669. 8.9 4.6 2350.

4 +1  -1 +1 875.6 842.5 892.6 34146. 348.0 363.0 18880.

47.0 37.3 38.4 2587. 21.0 20.8 771.

5           +1   +1 917.4 899.4 923.4 33693. 327.7 343.2 15667.

16.6 13.8 14.6 1975. 66.3 55.9 3617.

6           +1   -1 +1 926.4 928.5 947.2 32730. 275.6 308.6 12424.

10.7 9.6 12.1 1360. 68.3 64.6 2745.

7           -1   +1   +1 935.8 913.3 944.2 33488. 364.5 365.8 17243.                         -
20.5 10.4 22.5 1561. 8.1

'

14.9 1167.

8      +1   +1   +1   +1 857.3 841.7 876.1 '32897. 362.6 378.3 19148.

25.7 26.0 26.4 1054. 10.0 7.5 644.                            e

90000 868.4 858.3 870.4 33785. 330.4 346.3 18699.

21.9 21.3 19.9 1324. 18.0 17.1 1627.

1 0 0 0 0 0 861.0 860.1 871.8 32579. 331.8 348.0 18751.

11.5 12.5 12.4 1440. 6.1 5.9 1416.

11 +2 000
Not Available

12     -2   0 0 0 877.5 867.9 895.2 30419. 69.6 83.9 1996.

35.6 37.7 29.0 3161. 12.3 11.6 457.

13     0   +2 0 0 846.8 833.0 848.2 32370. 313.8 330.7 17694.

10.9 9.3 9.8 1294. 5.6 3.8 1351.

14     0   -2   0 0 854.8 856.9 874.2 31851. 315.1 330.2 17415.

15.0 15.0 17.3 801. 9.2 9.2 2338.

IS     0    0   +2 0 865.4 860.4 874.'5 32511. 336.2 351.7 19026.

11.8 7.6 9.8 1905. 9.5 8.1 1123.

16    0,0  -2   0 -916.9 880.0 923.5 34175. 349.5 359.9 16535.

9.6 19.7 10.2 991. 4.4 3.8 1575.

1 7 0 0 0+2 867.8 842.2 874.0 31636. 337.2 350.5 16709.

12.6 11.0 15.0 1127. 10.6 8.8 1442.

1 8 0 0 0 -2 938.4 914.2 944.5 34367. 345.2 360.6 18115.

31.9 23.3 25.5 2713. 16.2 14.1 1353.
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Table 15. Averages and Standard Deviations for the Responses    '
in Experiment 2--Test Blocks

Percent Response
Design Matrix          6        10 ULT MOD      6       10       MOD

Line                                  Room Temperalure 3250F

No. X I       X2    .  X3       X4    '
Y l l Y 12 Y 13 Y 14 Y 15 Y.16 Y 17

1 942.5 932.5 955.2 33668. 206.6 221.4 8591.

31.8 26.3 28.9 231.9. 29.1 26.0 2037.

2      +1   +1 830.5 842.0 881.8 23783. 391.4 337.3 16306.

25.9 29.2 24.2 3657. 19.4 24.6 1692.

3 +1 -1 +1 877.3 875.1 906.1 27989. 361.5 363.3 17675.

16.7 23.6 20.5 1935. 13.4 13.2 1644.

4      +1             +1 980.5 936.6 984.1 35751. 413.1 430.2 21539·

11.2 10.5 10.4 1895. 5.1 5.4 1228.

5           +1   +1 880.5 863.4 886.1 32993. 168.0 182.5 6759.

14.8 13.8 13.0 1914. 22.7 18.0 1645.

6 *          +1         +1 936.7 891.7 949.1 36206. 67:7 88.0 1605.

20.0 17.0 20.3 1872. 14.4 12.1 656.

7 *               +1   +1 945.6 909.9 965.2 36418. 52.1 70.7 1190.

3.9 5.7 3.9 1197. 11.5 12.1 327.                          '

8      +1   +1   +1   +1

Not Available
U

9 0 0 0 0 874.5 860.5 876.5 34120. 340.0 354.3 20021.

5.3 5.0 5.8 684. 2.7 2.8 854.                           ,

10      0 0 0 0 ·894.5 865.5 901.2 32827. 338.5 350.5 15318.

14.9 10.4 12.0 1909. 7.8 7.9 1332.

11     +2   0    0    0 994.4 959.9 1004.5 34366. 449.4 467.4 18497.

18.4 18.9 12.3 2596. 16.0 18.8 2294.

12     -2 0 0 0 896.4 878.5 918.5 35220. 161.5 182.4 6578.

5.9 19.9 8.6 1100. 13.6 10.5 693.

13     0   +2   0 0 873.2 856.4 888.9 34905. 360.8 375.2 19355.

8.0 17.1 10.7 1095. 10.9 8.3 867.

14     0   -2   0 0 897.5 877.0 903.0 35042. 396.2 411.2 20204.

22.8 20.0 24.4 1587. 14.0 13.2 1303.

15     0    0   +2 0 878.4 865.6 893.6 32326. 335.6 349.6 15556.

16.8 5.7 5.4 1386. 6.9 3.8 644.

16      0    0   -2    0 888.4 866.3 905.9 33172. 333.9 347.9 16343.

20.0 19.3 47.9 1308. 7.1 6.4 687.

* Temperature was greater than 3250F specified.
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Table 16. Averages and Standard Deviations for the Responses
in Experiment 1--Free-Rise Specimens

Design M*trix Percent Response

Line    6 10 |MOD 6 10 MOD
No.    XI   X2   X3   X4                        1

Parallel to Rise Perpendicular to Rise

Yl         Y2       ' Y3          Y4       ' YS         Y6

1 48.0 55.8 1182. 33.5 40.6 742.

3.4 2.8 172. 1.2 1.3 28.

2      +1   +1   -1
Not Available

3      +1   -1   +1 -1 43.5 51.3 3974. 31.2 39.1 590.

1.6 1.7 47. 2.4 1.4 64.

4      +1   -1   -1   +1 36.8 47.4 758. 27.7 35.9 584.

1.6 1.8 36. 1.7 1.5 48.

5           +1   +1 48.2 54.8 1154. 31.9 39.4 695.

4.2 3.3 129. 2.7 3.0 63.

6           +1        +1 42.4 51.4 936. 29.9. 37.3 646.

3.0 2.0 94.        .9       .8      .21.

7                +1   +1
Not Available

8      +1   +1   +1   +1 40.2 50.0 861. 29.0 36.7 633.

2.0 2.0 67. 1.1 1.0 31.

90000 45.9 52.4 1120. 31.0 39.0 703.

2.6 1.6 80. 2.0 1.6 43.

10      0 0 0     0

Not Available

11 +2 000 38.8 47.2 898. 30.3 37.5 659.

1.1       .8 45. 1. 1 1.1 32.

1 2         -2       0       0 0 43.8 53.2 957. 30.2 38.9 676.

2.6 3.0 73.       .8 1.4 19.

13      0   +2    0 0 43.0 49.9 964. 31.1 38.8 682.

2.0 1.2 43. 1.1 1.1 28. ,

14     0  -2   0 0 41.9 49.3 927. 30.1 38.3 660.

1.2 1.6 30. 1.9 2.0 41.

15      0    0   +2 0 44.8 50.1 1021. 31.6 38.5 698.

1.4 1.1 44. 2.6 2.1 58.

16      0    0   -2    0 41.0 49.6 899. 31.4 40.1 692.

1.9 1.4 58.        .6       .9      20.

17      0 0 0 +2 40.6 48.6 868. 27.3 34.7 600.

2.5 1.9 70. .3.1 2.5 67.

18      0 0 0 -2 46.2 54.'9 1038. 36.1 44.0 770.

2.2 1.2 56. 1.0 2.0 25.
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Table 17. Averages and Standard Deviations for the Responses
in Experiment 2--Free-Rise Specimens

Design Matrix Percent Response

Line                       '  6        10       MOD       6        10       MODNo. XI X2 X3 X4
Parallel to Rise Perpendicular to Rise

Yl       Y2        Y3       Y4        YS      Y6·

38.9 49.3 820. 28.6 38.2 618.

1.5 1.1 35. 1.4 1.7 39.

2      +1   +1 42.9 50.8 967. 34.9 44.0 756.

2.3 1.3 73. 1.2 2.2 31.

3      +1   -1 +1 42.7 51.1 977. 34.7 42.9 763.

2.3 2.6 85. 3.0 2.8 69.

4      +1             +1 46.1 56.4 1074. 33.3 41.3 732.

1.3 2.5 52. 1.5 1.7 51.

5            +1 +1 41.3 48.5. 861. 30.7 39.0 658.

2.0 2.4    70.    1.9    2.1   63.

6           +1        +1 48.4 60.1 1102. 27.7 36.4 625.

4.2 4.5 108. 2.3 2.8 54.

7      -1        +1   +1 43.3 57.4 963. 27.3 35.6 590.

3.2 4.2 66. 1.8 2.5 43.

0            8      +1   +1   +1   +1 44.5 56.0 1000. 31.6 40.9 688.

1.6 2.3 48. 1.5 1.6 35.

90000 42.9 52.1 944. 29.9 38.7 641.

1.7 1.2 55. 3.3 2.6 73.

1 0 0 0 0 0
Not Available

11 +2 000 45.3 53.2 990. 36.8 46.6 788.

1.6 2.3. 37. 1.6 2.0 45.

1 2         -2       0       0 0 42.7 55.1 895. 25.8 33.0 585.

4.3 5.1 94. 3.4 2.8 155.

13     0 +2 0 0 42.3 50.9 937. 31.7 39.8 688.
'

1.6 1. 2 48. 1.3 .9     34.

14     0   -2   0 0 43.9 51.3 995. . 31.7 39.6 705.

2.2 1.0 59. ..7 .6     25.

15     0    0   +2 0 43.9 51.7 997. 32.2 39.6 696.

3.2 1.8 75. 1.0 1.2 24.

16     0    0   -2 0 42.6 51.0 947. 32.9 41.0 729.

1.7 1.4 49. 1.2 1.4 37.

1 7 0 0 0 42.7 49.7 957. 31.7 39.8 680.

2.8 1.5 70. 1.9 1.8     36.
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ACCOMPLISHMENTS

Of the eight material and processing variables studied, component tempera-
ture,· mix time, mix speed, water concentration, mix ratio, mix quantity,

pour weight, and material reactivity,  only four- -the component temperature,
water concentration, mix ratio, and material reactivity- -significantly altered
the rise rate and gel time characteristics of the materials. While the exact
effect of these variables on all foam systems is not predictable from this
work, the trend has been established and all similar materials should con-
form to these patterns.                                                                  '

Component temperature is one of the most significant variables. To obtain
reproducible rise-rate and gel time results, the component temperature of
the materials should be maintained at least within 2° F (1°C) of the specified values.

The water concentration of the resin is of minor significance in rise-rate
testing. A moderately large change in the amount of water in the foam pro-
duces a relatively small change in the rise-rate and gel time results.  Pre-
sent material specifications provide sufficient control over the resinlwater
concentrations to yield reproducible rise-rate results. Rise-rate testing
can only detect water concentration variations that are significantly outside
the presently prescribed limits.

The mix ratio, while a more significant variable than the water concentration,       :
is not as influential as the component temperature in its effect on the rise-
rate properties of foams. Present rraterial specifications usually instruct
that the mix ratios be maintained within 1 percent of the indicated values.
This percentage is normally with reference to the· mix weights and, as such,
the actual mix ratio variations possible are sufficiently less than changes
represented by the levels in the study. Thus, present material specifications
should provide adequate control on mix ratios for rise-rate testing purposes.

The material reactivity (catalyst concentration) is the most significant vari-
able affecting the rise-rate characteristics of the foams. However, all of
the foam systems were not equally affected by equivalent change in catalyst
concentration. Toluene diisocyanate and polyester polyol foams are generally
more susceptable to catalyst level changes than are polymeric isocyanate
and polyether polyol foams.  In any case, rise-rate testing may provide an
efficient tool for checking the presently undefined catalyst level in urethane
foam systems                                '

.

The effect of the four' referenced variables on the gel time of the foam was
similar to the effect those variables had on the rise-rate characteristics;
specifically, the time to maximum velocity and rise time. Three of these
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variables produced gel time changes equivalent to the changes in rise-rate
characteristics. O ily one variable, the material reactivity or catalyst
concentration, caused the gel time to change at a different rate than the rate
of change experienced by the rise-rate characteristics, thereby indicating

-'            that the rise-to-gel ratio of foams can be significantly altered by proper
catalyst and catalyst level selection.

The compressive strength of the foam was not significantly affected by six
of the eight variables. Only changes in the mix ratio and component
temperature caused the compressive strength to change.  As the mix ratio
decreased, the compressive strength, especially at elevated temperatures,
decreased.  This was caused by the less rigid polymer developed as the
percentage of isocyanate, or the isocyanate index, decreased.  A low
component temperature of 60°F (15°C) drastically redu ced the compressive
strength of the foam at 325°F (160°C) test temperature. This might be
caused by a compatibility problem or incomplete mixing of the components
due to the lower material reactivity at this temperature.

FI.JTUR E WORK
f)

A brief examination of the effect of low component temperatures on the                     ·t
physical properties of urethane foam is recommended. This study should
include not only the effect of the component temperature on these properties

-., but also the reason or cause for such an effect.

A'n evaluation of the effect of various catalysts and catalysts concentration                P
on the rise-to-gel ratio of urethane foams should definitely be undertaken.

I.
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