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HCFC-141b型耐高温PU-PIR泡沫塑料的研制

鲍迎   徐标   吕槊贤

（江苏省化工研究所  江苏南京 210024）
摘  要：采用一步法，制备了一种可长期在150℃下使用的HCFC-141b型氨基甲酸酯改性聚异氰脲酸酯（PU-PIR）泡沫塑料。重点研究了多元醇、发泡剂、催化剂及异氰酸酯几个因素，与泡沫塑料耐热性能（包括尺寸稳定性和热失重率）的关系。实验表明，这种PU-PIR泡沫塑料可长期耐热150℃高温，泡沫脆性低、比强度高，导热系数小，达到了工业应用的要求。
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聚氨酯改性的聚异氰脲酸酯泡沫塑料，具有优越的耐热性能、较高的尺寸稳定性、较好的阻燃性、发烟量低，是当今绝热保温、隔音、防腐和使用寿命长等方面的优异材料。该材料加工工艺方便，既适合工厂制造，又适宜于现场施工，主要用于石油输送、热力化管网及化工管线的绝热。

纯聚异氰脲酸酯系聚合物主链存在异氰脲酸酯杂环结构，可以耐400℃高温，但质脆。引入低聚物多元醇可降低聚异氰脲酸酯泡沫塑料的脆性和增加泡沫的韧性，同时也降低了聚异氰脲酸酯泡沫塑料的耐热性和阻燃性。随着低聚物多元醇含量的增加，这种负面影响也增大。制备聚氨酯改性聚异氰脲酸酯泡沫塑料的过程主要有两步：异氰酸酯与羟基生成氨基甲酸酯，少量氨基甲酸酯进一步与异氰酸酯生成脲基甲酸酯的同时，异氰酸酯自聚生成杂环型异氰脲酸酯[1]。泡沫塑料中生成氨基甲酸酯和异氰脲酸酯的比例不同，也就是链增长与交联密度的情况不一样，将影响泡沫塑料的性能。本工作重点研究聚酯多元醇改性聚异氰脲酸酯制备长期耐150℃高温的聚氨酯泡沫塑料，能达到较好的热学性能和机械性能。

1  实验部分

1.1  主要原料及规格

聚酯多元醇PS，羟值330 mgKOH/g，进口；聚酯多元醇X，羟值350 mgKOH/g，江苏省化工研究所；聚醚多元醇Y35，羟值280.5 mgKOH/g，金坛市雨声化工研究所；聚醚多元醇635，羟值500 mgKOH/g，金陵石化化工二厂；泡沫稳定剂B8462，德国高施米特公司；发泡剂CFC-11，发泡剂HCFC-141b，常熟市三爱富氟化工有限公司；叔胺类催化剂Y32，季铵盐类催化剂三甲、四甲、五甲，金坛市雨声化工研究所；多亚甲基多苯基多异氰酸酯（PAPI），牌号5005，美国Huntsman公司。

1.2  基本配方

原料                                 配比（质量份）

聚醚（聚酯）多元醇                      100

泡沫稳定剂B8462                         3

发泡剂HCFC-141b                        38

催化剂                                  变量  

多异氰酸酯                            200～350

1.3  发泡工艺
在20～25℃温度下，将多元醇、泡沫稳定剂、催化剂和发泡剂按比例配制成组合聚醚(A组分)，与一定量的PAPI (B组分)混合，立即用机械搅拌器高速（转速4000 r/min）充分搅拌10～20 s，快速将混合料注入模温40℃的25cm×25cm×25cm钢制模具中，依次记录下各种发泡参数，待固化后（约5 min）脱模，在室温下放置陈化24 h后，裁样测试。
2  结果与讨论

2.1  多元醇的选择 
我们曾采用两步法制得耐（150℃）高温PU-PIR泡沫塑料[2]，为了简化生产工艺，降低生产成本，现采用一步法制备耐高温组合料，表1中列出了选用的几种多元醇与泡沫体热稳定性、机械性能的关系。

表1  多元醇与泡沫体热稳定性、机械性能的关系
	试验

序号
	多元醇品种及用量(质量份)
	泡沫密度

kg/m3
	体积变化率

％
	失重率

％
	滚动磨耗/％
	压缩强度

kPa

	
	
	
	
	
	初始
	烘后
	

	H-418
	聚醚635 (100)
	37.87
	1.73
	3.5
	28.92
	42.11
	153

	H-417
	聚醚635/聚酯X (50/50)
	41.55
	1.59
	2.07
	18.89
	32.14
	223

	H-385
	聚酯X (100)
	37.46
	6.59
	1.54
	10
	―
	―

	H-394
	聚酯X/聚醚Y35 (80/20)
	37.43
	7.28
	1.74
	12.3
	―
	―

	H-410
	聚酯X/聚醚Y35 (60/40)
	36.66
	1.73
	3.4
	13.38
	28.26
	168

	H-396
	聚酯X/聚醚Y35 (40/60)
	37.18
	13.53
	2.69
	12
	―
	―

	H-397
	聚酯X/聚醚Y35 (20/80)
	37.73
	8.07
	4.9
	14.8
	―
	―

	H-386
	聚醚Y35 (100)
	41.36
	4.38
	2.98
	17.7
	―
	―

	H-390
	聚醚Y35/聚酯PS (80/20)
	41.71
	0.71
	4.97
	17.9
	―
	―

	H-389
	聚醚Y35/聚酯PS (60/40)
	40.26
	6.43
	4.7
	15.8
	―
	―

	H-388
	聚醚Y35/聚酯PS (40/60)
	39.96
	10.21
	2.04
	16.4
	―
	―

	H-387
	聚醚Y35/聚酯PS (20/80)
	37.13
	11.92
	1.55
	11.5
	―
	―

	H-384
	聚酯PS (100)
	37.61
	4.33
	1.23
	8.6
	―
	―

	H-409
	聚酯PS (100)
	41.43
	1.03
	3.6
	8.42
	11.54
	320


注：上述配方中催化剂和发泡剂HCFC-141b相同，A料与B料质量比100/200。本工作体积变化率、失重率、烘后滚动磨耗、烘后压缩强度和烘后导热系数都是表征耐高温性能的物理量，所有数据均是将泡沫塑料在150℃烘箱中放置96h、冷却后测试。

从表1看出，以聚醚635为原料的泡沫的尺寸稳定性较好，但泡沫脆性很大；H-410泡沫的耐温性较好，泡沫脆性中等偏下；H-384和H-409采用的是芳香族聚酯多元醇PS100份，H-409泡沫比H-384泡沫的密度增大、体积变化率减小，两者的初始滚动磨耗都较低。H-409的整体数据较好，如耐热性好、韧性好、脆性小、机械强度大。

下面是几个典型配方制得的泡沫塑料的热重分析(TGA)数据(表2)和TGA图谱（图1）。

表2  热重分析数据表

	TGA(10℃/min)
	H-409
	H-410
	H-417
	H-418

	起始失重温度／℃
	280
	－
	250
	260

	失重温度(质量保留率)／℃
	322(89.67％)
	286(89.67％)
	313(89.96％)
	314（89.96％）

	失重温度(质量保留率)／℃
	433(69.86％)
	414(58.49％)
	456(54.41％)
	439(49.17％)

	650℃时的失重率/％
	56.68
	60.43
	69.24
	72.61


从图1可以看出，H-409泡沫样品受热温度达到280℃时，残留质量开始出现下降拐点，可能是残存的助剂和小分子物质从泡沫体中逃逸出去，以及少量分解开始。当温度达到650℃时，泡沫的失重率为56.68％。从图中曲线看出，H-409的失重率比H-410、H-417和H-418低。H-409的低聚物多元醇全部采用聚酯多元醇，耐温性较好，而H-410、H-417和H-418中都采用了聚醚多元醇，耐温性略逊。
2.2  发泡剂替代

众所周知，发泡剂CFC-11具有破坏臭氧层作用，我们选用过渡性替代发泡剂HCFC-141b。在所有的CFC替代候选物中，HCFC-141b的导热系数相对较低，与多元醇和异氰酸酯相溶性好，除导热系数略逊外，泡沫性能与CFC-11型相同或相近，在不增加设备的条件下可直接用HCFC-141b代替CFC-11[3]。
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图1  热重分析（TGA）图谱

表3  CFC-11和HCFC-141b泡沫物性对比

	发泡剂及其用量(质量份)
	CFC-11 (40)
	HCFC-141b (38)

	泡沫密度/kg·m－3
	50.24
	42.41

	体积变化率/％
	2.08
	1.73

	失重率/％
	2.62
	2.67

	初始滚动磨耗/％
	3.31
	8.42

	烘后滚动磨耗/％
	8.65
	11.54

	初始导热系数/W·(m·K)－1
	0.0174
	0.0182

	烘后导热系数/W·(m·K)－1
	0.0179
	0.0200

	初始压缩强度/kPa
	421
	320

	烘后压缩强度/kPa
	455
	322


         注：上述配方中低聚物多元醇是聚酯PS，催化剂相同，A料/B料质量比100/200。

从表3结果看出：HCFC-141b型与CFC-11型泡沫性能较为接近，可以取代CFC-11型泡沫体材料的要求。
2.3  催化剂选择

我们选用叔胺类催化剂和季铵盐类异氰脲酸酯三聚催化剂，通过三聚催化剂筛选，以满足生产工艺及制品性能的要求。

Y32是一种叔胺类催化剂，对发泡反应的催化效率大于对凝胶反应的催化效率，主要用于对发泡反应和凝胶反应提供较平衡的催化性能。

表4  催化剂的选择

	季铵盐类催化剂
	三甲 (3.5份)
	四甲 (3.2份)
	五甲 (3.0份)

	叔胺类催化剂
	Y32 (2份)
	Y32 (1.2份)
	Y32 (1.2份)

	起泡时间/s
	25
	20
	18

	升足时间/s
	42
	38
	29

	不粘时间/s
	44
	40
	30

	泡沫密度/kg·m－3
	41.98
	40.9
	40.84

	体积变化率/％
	3.32
	7.71
	2.28

	失重率/％
	2.7
	1.7
	3.08

	压缩强度/kPa 
	310
	364
	393

	滚动磨耗/％
	2.83
	2
	2.97



    注：上述配方中低聚物多元醇是聚酯PS，HCFC-141b 38份(聚酯PS 100份)，A料/B料质量比100/150。

从表4中可以看出，采用催化剂五甲为季铵盐催化剂，制得的泡沫的体积变化率最小。并且催化剂用量少，催化活性高。

采用复合催化剂，发挥催化剂的协同效应，尤其在发泡环境温度低于10℃以下时，提高叔胺催化剂Y32的用量，可以改善泡沫流动性，提高反应活性，促使体系短时间内放出大量热量，使季胺盐起催化作用，使凝胶反应加快，而泡沫性能不因组合料体系温度降低而受影响。

2.4  异氰酸酯指数对泡沫体热稳定性的影响

异氰酸酯指数对泡沫体热稳定性的影响见表5。

表5  异氰酸酯指数对泡沫体热稳定性的影响

	异氰酸酯指数
	300
	400
	500

	A组合料／份
	100
	100
	100

	异氰酸酯／份
	150
	200
	250

	泡沫密度/kg·m－3
	41.98
	42.41
	45.29

	体积变化率/％
	3.32
	1.73
	1.23

	失重率/％
	2.7
	2.67
	2.83

	初始压缩强度/kPa
	310
	320
	237

	烘后压缩强度/kPa
	316
	322
	365

	初始滚动磨耗/％
	2.83
	6.42
	7.22

	烘后滚动磨耗/％
	8.24
	11.54
	18.39


                  注：上述配方中A组合料中的聚酯多元醇、催化剂和发泡剂相同。

从表5中的测试结果来看，随着异氰酸酯指数递增，泡沫体的热稳定性趋好，从物性、工艺和经济等综合考虑，指数400（A料／B料比例：100／200）较好。

3  优化配方及其泡沫性能

3.1  泡沫配方

经试验得到的优化泡沫配方如下：

原料                            配比(质量份)
聚酯多元醇 PS                     100

泡沫稳定剂 B8462                   3

催化剂Y32                          1.2

催化剂五甲                           3

发泡剂HCFC-141b                   38
多异氰酸酯                     290(指数400)

3.2  泡沫性能

本工作研制的耐高温泡沫塑料的性能见表6。

表6  耐高温泡沫塑料的性能

	检测项目
	测试标准
	测试结果

	泡沫密度/kg·m－3
	GB/T6343-95 
	42.41

	体积变化率/％
	ASTM-C-447-76（150℃ 96h后）
	1.73

	失重率/％
	ASTM-C-447-76（150℃ 96h后）
	2.67

	初始压缩强度/kPa
	GB/T8813-88
	320

	烘后压缩强度/kPa
	GB/T8813-88（150℃ 96h后）
	322

	吸水率/％
	GB/T8810-88
	1.8

	初始滚动磨耗/％
	GB/T12812-91
	6.42

	烘后滚动磨耗/％
	GB/T12812-91（150℃ 96h后）
	11.54


	初始导热系数/W·(m·K)－1
	GB/T3399-82
	0.0182

	烘后导热系数/W·(m·K)－1
	GB/T3399-82（150℃ 96h后）
	0.0200


4  结论

从上述试验结果和讨论可得出以下结论： 

a 芳香族聚酯多元醇耐温性好,可达到150℃96H体积变化率低于3％，失重率低于3％，初始滚动磨耗小于10％，压缩强度达300 kPa以上。

b 选用的复合催化剂使得发泡反应初期物料粘度增长慢，流动性好，凝胶快。

c HCFC-141b型耐高温PU-PIR泡沫塑料物性略逊于CFC-11型，但可以达到工业应用要求，所以可以替代CFC-11型耐高温PU-PIR泡沫。

d 异氰酸酯指数增加，得到的硬质泡沫塑料耐温性好，但发泡时泡沫料流动性降低，泡沫密度变大、脆性增加，调整指数以400（A料/B料质量比100/200）为好。

f 本产品的测试结果，已具备工业化生产条件。    
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Development of the PU-PIR Foams with HCFC-141b Type Resist High Temperature

Bao Ying    Xu Biao    Lü Suxian

(Jiangsu Institute of Chemical Industry, Nanjing 210024)

Abstract： A HCFC-141b-blown urethane-modified polyisocyanurate (PU-PIR) foam was prepared by using one stage process. The rigid foam is feature of 150℃ service temperature. Some factors, such as polyols, blowing agent, catalysts and isocyanate, on the heat-resistant performance ( ie. dimensional stability, weight loss rate after heat-treating ) were investigated. The results show that the PU-PIR foam can resist 150℃ high temperature for a long term, and has lower brittleness, higher specific strength and lower thermal conductivity. The product can meet the technical application requirement..
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Development of the High Temperature Resistant PU-PIR Foams Using HCFC-141b as the Blowing Agent
Bao Ying   Xu Biao   LvShouxian

(Jiangsu Chemistry Institute, Nanjing 210024)
Abstract: PIR foams modified by polyester polyurethane with high temperature resistance are introduced.  Influence factors including polyol, blowing agent, catalyst and isocyanate, and the relationship between above factors and foam thermal/mechanical performances are focused on.  PU-PIR foams, with high temperature (150℃) resistance, low brittleness and high mechanical strength, are proved to have met the industrial application requirements.

Keywords: Polyurethane; Polyisocyanurate (PIR); High temperature resistance

PIR foam modified by polyurethane is an excellent material in the aspects of thermal insulation, sound insulation and antiseptic, which has predominant heat-resistance, relatively higher dimensional stability, preferable flammable resistance and low smoking.  PU-PIR foams are feasible both in factories and in constructions for its simple processing technology, and are mainly used in thermal insulation in petroleum transportation, thermodynamic pipelines and chemistry pipelines.  

Pure polyisocyanurate contains heterocyclic structure in its main chain, resulting in PU-PIR foams can resist 400℃ high temperature but are quite brittle.  By introducing polyol with low degree of polymerization, the foam brittleness decreases and toughness increases, while heat resistance and flammable resistance reduces.  The increase in low-polymer polyol content results in the increase of negative affects.  Preparation processes for PU-PIR foams are divided into two steps: isocyanate reacts with hydroxyl to make urethane bond; isocyanate polymerizes to make heterocyclic-isocyanurate bond.  The ratios of the above two bonds in foam are different, i.e., the conditions of chain increasing and crosslinking density are different, indicating different foam performances.  In the experiment, we focus on how to use polyisocyanurate modified with polyester polyol to produce PU-PIR foams with predominant high temperature （150℃） resistance, preferable thermal performance and excellent mechanical performance.

1. EXPERIMENTAL

1.1 Materials&Specs

Polyester polyol PS, hydroxyl value=330 mgKOH/g, imported;

Polyester polyol (New polyester), hydroxyl value=350 mgKOH/g, Jiangsu Chemical Institute;

Polyether polyol Y35, hydroxyl value=280.5 mgKOH/g, Jintan Yusheng Chemical Institute;

Polyether polyol 635, hydroxyl value=500 mgKOH/g, Jinling Petrochemical Co., Ltd. 
Foam Stabilizer B8462, Goldschmidt;

Blowing agent CFC-11/ HCFC-141b，Changsu Sanai Fufu Chemical Co., Ltd.；

Tertiary amine catalyst Y32，quaternary ammonium saltcatalyst (trimethyl, butamethyl, pentamethyl), Jintan Yusheng Chemical Institute；

PAPI 5005, Huntsman, U.S.A.

1.2 Basic Formulation

Raw material





Proportion by weight
Polyether /Polyester polyol



  100

Foam stabilizer B8462




3

Blowing agent HCFC-141b


38

Catalyst





variable
PAPI





    200 - 350

1.3 Foaming Processing

At the temperature of 20-25℃, mix polyol, stabilizer, catalyst and blowing agent at a certain ratio to synthesize polyether blend A.  At the same temperature, mix composition A and composition B (PAPI), stir the mixture 10-20 s at the rate of 4000 r/min with a mechanical stirrer.  Pour the blend composition into a steel mould quickly (25cm×25cm×25cm, 40℃).   Record all foaming parameters one by one.  Demould after 5 min solidification.  Place foams 24 hours in the room temperature, and then take the test.

2. RESULTS AND DISCUSSION

2.1 Polyols Selection  

   We ever adopt two-step to produce PU-PIR foams with high temperature(150℃) resistance.  In order to simplify the processing and decrease the cost, we now adopt one-step to produce blend composition with high temperature resistance.  Performances of polyols are listed in Table 1:

Table 1 Relationship between Polyols and Foam Thermal Stability/Mechanic Performances

	
	Polyols/ Proportion 
	Foam Density

kg·m－3
	Volume

Variety

%
	Weight Variety

%
	Rolling Wastage/%
	Compressive Strength

kPa

	
	
	
	
	
	Initial
	Dry
	

	H-418
	polyether635 (100)
	37.87
	1.73
	3.5
	28.92
	42.11
	153

	H-417
	polyether635/polyesterX (50/50)
	41.55
	1.59
	2.07
	18.89
	32.14
	223

	H-385
	polyesterX (100)
	37.46
	6.59
	1.54
	10
	―
	―

	H-394
	polyesterX/polyetherY35 (80/20)
	37.43
	7.28
	1.74
	12.3
	―
	―

	H-410
	polyesterX/polyetherY35 (60/40)
	36.66
	1.73
	3.4
	13.38
	28.26
	168

	H-396
	polyesterX/polyetherY35 (40/60)
	37.18
	13.53
	2.69
	12
	―
	―

	H-397
	polyesterX/polyetherY35 (20/80)
	37.73
	8.07
	4.9
	14.8
	―
	―

	H-386
	polyetherY35 (100)
	41.36
	4.38
	2.98
	17.7
	―
	―

	H-390
	polyetherY35/polyesterPS (80/20)
	41.71
	0.71
	4.97
	17.9
	―
	―

	H-389
	polyetherY35/polyesterPS (60/40)
	40.26
	6.43
	4.7
	15.8
	―
	―

	H-388
	polyetherY35/polyesterPS (40/60)
	39.96
	10.21
	2.04
	16.4
	―
	―

	H-387
	polyetherY35/polyesterPS (20/80)
	37.13
	11.92
	1.55
	11.5
	―
	―

	H-384
	polyesterPS (100)
	37.61
	4.33
	1.23
	8.6
	―
	―

	H-409
	polyesterPS (100)
	41.43
	1.03
	3.6
	8.42
	11.54
	320


In above formulations, catalyst, blowing agent (HCFC-141b) and the ratio of A/B (100/200) are fixed.  Volume variety, weight variety, dry rolling wastage, dry compressive strength and dry thermal conductivity are the physical tokens of high temperature resistance.  All data are obtained after foams have been placed in 150℃ oven for 96 h.

As listed in Table 1, H-418 (material: polyether 635) is preferable in dimensional stability but is too brittle; H-410 is preferable in thermal stability but is also brittle; Both H-409 and H-384 adopt aromatic polyester polyol PS (100) and are preferable in rolling wastage.  Comparing H-409 with H-384, foam density of the former is higher than the latter, and volume variety of the former is lower than the latter.  In the whole, H-409 is preferable in heat-resistance, toughness, brittleness and mechanical strength.

TGA datasheet and TGA picture of some typical formulations are shown in Table 2 and Fig. 1:

Table 2 TGA Datasheet

	TGA(10℃/min)
	H-409
	H-410
	H-417
	H-418

	Initial Weightlessness Temperature／℃
	280
	-
	250
	260

	90% Weightlessness Temperature／℃
	322(89.67%)
	286(89.67%)
	313(89.96%)
	314（89.96%）

	50% Weightlessness Temperature／℃
	433(69.86%)
	414(58.49%)
	456(54.41%)
	439(49.17%)

	65℃ Weight Variety/%
	56.68
	60.43
	69.24
	72.61
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Temperature/℃

Fig.1 TGA Picture

As shown in Fig. 1, H-409 has a descendant inflexion at 280℃, indicating that remained additive and low-molecular matters escape away from foam, and little decomposition has commenced.  H-409 weight variety is 56.68% at 650℃ and it is lower than H-410,H-417 and H-418.  Polyester polyol are adopted in H-409, resulting in preferable heat resistance, whiling polyether polyol are used in H-410, H-417 and H-418, resulting in baddish heat resistance.

2.2 Blowing Agent Replacement 

CFC-11 is well known to have depletion to ozone layer, so we choose transitional blowing agent HCFC-141b to replace CFC-11.  In all blowing agent replacements, HCFC-141b has favorable solubility with polyols and isocyanate.  Except thermal conductivity is relatively low, performances of HCFC-141b foams are close to CFC-11 foams, indicating no extra equipments needed.

   Table 3 Contrasts on Physical Performance between CFC-11 and HCFC-141b 

	Blowing Agent Dosage/ proportion
	CFC-11： 40
	HCFC-141b：38

	Foam Density/kg·m－3
	50.24
	42.41

	Volume Variety/%
	2.08
	1.73

	Weight Variety/%
	2.62
	2.67

	Initial Rolling Wastage/%
	3.31
	8.42

	Dry Rolling Wastage/%
	8.65
	11.54

	Initial Thermal Conductivity/W·(m·K)－1
	0.0174
	0.0182

	Dry Thermal Conductivity/W·(m·K)－1
	0.0179
	0.0200

	Initial Compressive Strength/kPa
	421
	320

	Dry Compressive Strength/kPa
	455
	322


PS dosage (100), ratio A/B (100/200) and catalyst are fixed in above formulations.

As listed in Table 3, the performances of HCFC-141b foams are closed to the performances of CFC-11 foams, indicating that HCFC-141b can replace CFC-11.

2.3 Catalyst Selection
 In the experiment, we choose tertiary amino catalyst and quaternary ammonium salt isocyanurate trimer catalyst. 

Y32, a tertiary amino catalyst, is mainly used to balance foaming reaction and gelling reaction.   Its catalytic effect on foaming is greater than on gelling.

Table 4 Catalyst Selections

	Quaternary Ammonium Salt Catalyst
	Trimethyl：3.5
	Butaethyl：3.2
	Pentamethyl：3

	Tertiary Amino Catalyst
	Y32：1.2
	Y32：1.2
	Y32：1.2

	Foam Time/s
	25
	20
	18

	Full Rise Time/s
	42
	38
	29

	Tack Free Time/s
	44
	40
	30

	Foam Density/kg·m－3
	41.98
	40.9
	40.84

	Volume Variety/%
	3.32
	7.71
	2.28

	Weight Variety/%
	2.7
	1.7
	3.08

	Compressive Strength/kPa
	310
	364
	393

	Rolling Wastage/%
	2.83
	2
	2.97


PS: 100, HCFC-141b: 38, A/B: 100/150

As listed in Table 4, in pentamethyl-catalyze system, catalyst dosage is low, reactivity is high, and foam volume variation is the least.

Choose co-catalyst can exert cooperation effect. Especially when room temperature is lower than 10℃, increase in Y32 dosage can improve flowability and  reactivity, and the released heat can make quaternary ammonium salt to catalyze gelling reaction.  In contrast, foam performances are independent of blend composition temperature.

2.4 Effect of Isocyanate Index on Foam Thermal Stability (Table 5)

Table 5 Effect of Isocyanate Index on Foam Thermal Stability

	Isocyanate Index
	300
	400
	500

	Blend A
	100
	100
	100

	Isocyanate
	150
	200
	250

	Foam Density/kg·m－3
	41.98
	42.41
	45.29

	Volume Variety/%
	3.32
	1.73
	1.23

	Weight Variety/%
	2.7
	2.67
	2.83

	Initial Compressive Strength/kPa
	310
	320
	237

	Dry Compressive Strength/kPa
	316
	322
	365

	Initial Rolling Wastage/%
	2.83
	6.42
	7.22

	Dry Rolling Wastage /%
	8.24
	11.54
	18.39


Polyester polyol, catalyst and blowing agent in Blend A are fixed in above formulations. 

As listed in Table 5, with the increase in isocyanate index, foam thermal stability increases.  Considering synthetically physical characteristics, processing, and economy etc., isocyanate index 400 (Blend A/Blend B=100/200) is preferable.

3. OPTIMUM FORMULATION AND FOAM PERFORMANCES  

3.1 Foam Formulation

The optimum formulation is as follows: 

Raw Material                  Proportion By Weight
Polyester Polyol PS                  100

Foam Stabilizer B8462                3

Catalyst Y32                        1.2

Pentamethyl Catalyst                  3

Blowing Agent HCFC-141b            38
PAPI                          290(Index 400)

3.2 Foam Performances

Performances of high temperature resistant PIR foams are listed in table 6:

Table 6 Performances of High Temperature Resistant PIR Foams

	Testing Items
	Testing Standards
	Testing Results

	Foam Density/kg·m－3
	GB/T6343-95
	42.41

	Volume Variety/%
	ASTM-C-447-76（150℃96h）
	1.73

	Weight Variety/%
	ASTM-C-447-76（150℃96h）
	2.67

	Initial Compressive Strength/kPa
	GB/T8813-88
	320

	Dry Compressive Strength/kPa
	GB/T8813-88（150℃96h）
	322

	Water Absorptivity/%
	GB/T8810-88
	1.8

	Initial Rolling Wastage/%
	GB/T12812-91
	6.42

	Dry Rolling Wastage/%
	GB/T12812-91（150℃96h）
	11.54

	Initial Thermal Conductivity/W·(m·K)－1
	GB/T3399-82
	0.0182

	Dry Thermal Conductivity/W·(m·K)－1
	GB/T3399-82（150℃96h）
	0.0200


4. CONCLUSIONS

The following conclusions are reached from above results and discussions: 

a. Aromatic polyester polyol has good heat resistance.  After drying 96h in  the oven (150℃), volume variety is less than 3%, weight variety is less than 3%, initial rolling wastage is less than 10%, and compressive strength is more than 300 kPa.

b. With co-catalyst, blend viscosity increases slowly and flowability is good in the initial reaction period; on the other hand, blend gels quickly.

c. HCFC-141b foams are inferior to CFC-11 foams in physical performances, but have reached the industrial requirements, so the former can replace the latter.

d. With the increase in isocyanate index, foam heat resistance increases, flowability decreases, and brittleness increases.  Isocyanate index 400 (Blend A/Blend B=100/200) is preferable.

f. HCFC-141b foams have met the industrialization qualifications.
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