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摘 要：就HFC-365mfc作了综合阐述，包括更新的HFC-365mfc基本资料，如何使用不可燃混合物HFC-365/227混合物等。介绍基于存在周期估算（LCA）而得出的Solkane 365mfc在环保方面优势的简要信息。举例说明使用HFC-365mfc、HFC-365mfc/227及Solkane 365mfc共沸混合物作发泡剂的优点。也将介绍其典型的热传导系数及与其它替代物的比较。同时也对泡沫的燃烧特性进行验证。经过长期的研究，苏威公司认为HFC-365mfc是替代HCFC-141b的最佳选择，因此已于2000年1月建成了年产数百吨的中试车间，并于2003年建成工业化生产工厂。
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1  引言

苏威公司(Solvay)作为聚氨酯泡沫、苯酚泡沫和挤出PS/PE泡沫发泡剂的制造商，很早就开始进行替代发泡剂HCFC-141b的研究。苏威公司在1996年建立起第一个中试车间，2000年1月建成了年产数百吨的大型中试车间。苏威正在法国塔沃筹建一个商品化生产厂，预计该工厂于2003年投产。

新的发泡剂要进入商品市场必须先要通过毒性试验。Solkane 365mfc的毒性试验结果非常令人鼓舞。目前所获得的毒性数据显示，Solkane 365mfc的毒性作用比HCFC-141b还要低。有关90天吸入试验研究很快会完成，而所有的试验于2002年中结束。

Solkane 365mfc正在进入欧洲新化学品（ELINS）通报程序，已经获得所谓的基本设立水平，产品的注册号为99-01-0570-00。将很快获得进一步认可──水平1证书。这将允许Solkane 365mfc在欧洲市场每年销售多达1000 t的数量。Solkane 365mfc完全商品化的时间表是2002年底。目前，至关重要的是我们有足够数量的产品用于试验以及用于积累为今后大量用于生产产品而进行的试产。

苏威公司已获得拜耳公司有关Solkane 365mfc在其全球聚氨酯领域应用的许可证，该许可证暂不包括美国和加拿大。伴随HFC类发泡剂Solkane 365mfc的销售，苏威公司给予其全球客户（美国和加拿大除外）使用许可。

本文就HFC-365mfc作一般阐述，包括更新的HFC-365mfc基本资料、如何使用不可燃混合物HFC-365/227混合物等；介绍基于存在周期估算（LCA）而得出的Solkane 365mfc在环保方面的优势的简要信息，以便让人们了解和理解发泡剂对环境的影响的计算应结合直接和间接方面的影响。

在实际应用部分，我们将举例说明使用HFC-365mfc、HFC-365mfc/227及HFC-365mfc共沸混合物作发泡剂的优点。也将介绍其典型的热传导系数及与其它替代物的比较。同时也对泡沫的燃烧特性进行验证。

2  概述

苏威公司致力于开发一种ODP为零的泡沫塑料（聚氨酯、苯酚类、聚苯乙烯/聚乙烯塑料）的发泡剂，以替代HCFC-141b。由1995年起，苏威就陆续发表了一系列有关研究开发HFC-365mfc替代HCFC-141b的论文。如表1所示，HFC-365mfc的沸点约为40℃，导热系数为10.6 mW/(m·K)。

NIST对早期研究得出的很多物理特性进行了重新计算。表2所给的是HFC-365mfc压力和密度方面最新的准确的数据。

表1  HFC-365mfc的主要特性

	         名  称
	HFC-365mfc

	分子结构
	CF3-CH2-CF2-CH3

	相对分子质量
	148

	沸点/℃
	40.2

	熔点/℃
	－32

	临界温度/℃
	187.7

	临界压力/kPa
	2754

	25℃时气相热导率/mW·(m·K)－1
	10.6

	沸点蒸发潜热/kJ·mol－1
	26.2

	最低起燃能量/mJ
	10.4

	燃烧极限(体积)/%
	3.8～13.3


表2  HFC-365mfc的物理参数

	温度T
	蒸气压P
	液体密度
	气体密度

	[℃]
	[×105Pa]
	[kg/L]
	[g/L]

	－40
	0.0114
	1.361
	0.0874

	－30
	0.0244
	1.344
	0.179

	－10
	0.0901
	1.309
	0.614

	0
	0.158
	1.291
	1.04

	10
	0.264
	1.273
	1.69

	20
	0.422
	1.253
	2.63

	30
	0.643
	1.234
	3.94

	40
	0.965
	1.213
	5.73

	50
	1.39
	1.192
	8.11

	60
	1.95
	1.169
	11.2

	70
	2.68
	1.146
	15.2

	80
	3.59
	1.121
	20.2

	90
	4.73
	1.095
	26.6

	100
	6.11
	1.067
	34.4


2.1  “HFC-365mfc LCA研究”显示HFC-365mfc环保方面的优越性

HFC-365mfc具有10.8年相对较短的大气存留时间和相对较低的温室效应系数──840～910（TEAP[9]，1999年10月报导）。虽然HFC-365mfc对室温效应的贡献相对而言非常有限，但仍然属于温室效应气体。作为HFC-365mfc的生产商，苏威公司认为有必要以存留周期估算(LCA)来量化采用HFC-365mfc发泡剂发泡的绝热泡沫的ECO概论和环保方面的竞争性。以HFC-365mfc作为发泡剂和绝热气体用于绝热用途的聚氨酯泡沫的LCA研究项目由四个合作伙伴共同完成，分别是Elaslogrem（巴斯夫集团成员），Kingspan，Synthesia和苏威氟及衍生物有限公司。

由于HFC-365mfc具有较低的K值(10.6 mW/(m·K))，因而它可以给泡沫带来优于其它替代物如碳氢化合物的绝热效果。在作为绝热材料时，在其使用期限中，较其它以碳氢化合物或者CO2/水发泡的泡沫节约更多的能量，这足以补偿HFC-365mfc发泡剂本身的温室效应（GWP）。

使用单一的环境参数，如GWP作为化合物的考察标准将会产生误导的。LCA方法提供更为合理和平衡的比较基础。通过全面分析比较证明HFC-365mfc最具潜力成为高性能聚氨酯泡沫的环保发泡剂，用以替代HCFC-141b。
2.2  不可燃混合物HFC-365/227
2.2.1  安全与操作

HFC-365mfc的燃烧性能介于我们熟悉的HCFC-141b和具燃爆性的碳氢化合物之间。需要强调的是由于HFC-365mfc分子结构中含有氟原子，其燃烧性比任何一种碳氢化合物都要低。因此HFC-365mfc的燃烧极限相对较高——空气中体积比为3.87%，燃烧热亦较低。欧洲现有标准把纯的HFC-365mfc定义为“可燃液体”。但同时，根据所谓的“欧洲”标准，HFC-365mfc的可燃性不会明显影响到泡沫本身的燃烧性能。

苏威已决定向全球供应由HFC-365mfc与HFC-227ea混配而成的不可燃混合物Solkane 365/227
HFC-365mfc、Solkane 365/227混合物与HCFC-141b及正戊烷的燃烧性比较见表3。

表3  几种发泡剂燃烧性能的比较

	性能指标
	沸点

℃
	密度(20℃) kg/L
	燃烧下限(v/v)/％
	燃烧下限

mg/L空气
	燃烧上限(v/v)/％
	闪点

℃
	最低起燃能量/mJ
	自燃温度/℃
	燃烧热

kJ/kg

	HFC-365mfc
	40.2
	1.253
	3.8
	251
	13.3
	<-27(欧)
	10.4
	594
	12000

	365 mfc/227
	30
	1.252
	~3.8
	~251
	~13
	无
	>1000
	>594
	11600

	HCFC-141b
	32
	1.230
	5.6
	292
	17.7
	无
	~20000
	550
	7900

	正戊烷
	36.1
	0.630
	1.4
	45
	7.8
	~56
	0.22
	285
	467000


对HFC-365mfc而言，空气中含量为8%(体积比)时起燃能量最低。25℃时最低起燃能量（MIE）为10.4+/-0.5mJ[10]。

相比之下，正戊烷室温下的起燃能量为0.22 mJ，因此只需非常低的能量就可将其点燃。

虽然相对于碳氢化合物而言，HFC-365mfc的燃烧危险性显得并不重要，但根据欧洲法规，HFC-365mfc必须按可燃性液体对待，进行操作。在欧洲，可燃物通常用符号F和危险性代码R11表示。

2.2.2  混合物HFC-365/227的性质

采用不可燃的发泡剂作为HCFC-141b的替代物具有特别重要的意义。因为不可燃的发泡剂既可用于一般标准要求的生产设备，也可用于要求发泡剂使用安全和易于处理的严格标准的生产场合。含有5% HFC-227ea的混合物HFC-365mfc/227没有闪点，因此属于不可燃液体。应该注意的是该混合物是非共沸混合物。如果其中的HFC-227ea在使用中蒸发掉就会变成可燃液体。为了安全起见，苏威公司推广的HFC-365mfc/227加有7%的HFC-227ea，以便有2%的安全余量。该混合物的起沸点约30℃。表4列出了该混合物的重要参数。

表4  HFC-365/HFC-227混合物（93/7）主要特性

	混合物组成(分子式)
	CF3-CH2-CF2-CH3/CF3-CHF-CF3

	HFC-365mfc/HFC-227ea质量比
	93/7

	沸点范围/℃
	28-30

	密度(25℃)/ kg/L－1
	1.242

	蒸气压(20℃)/105 Pa
	0.701

	气相热导率/mW·(m·K)－1
	10.7(25℃)

	起燃温度/℃
	>594

	最少起燃能量(23℃)
	>1000mJ

	燃烧热/kJ·kg－1
	11600

	燃烧极限(体积)/ %
	3.8~13.3

	闪点
	无


虽然该混合物是不可燃，但其在空气中的可燃极限为3.8％～13.3％(体积比)，类似于HCFC-141b。最小起燃能量值也是全面评价产品可燃性的重要依据。上述参数是在一个官方检验室对多种组成进行检测而得出的数据。

由于HFC-365/227是非共沸混合物，同时也因为混合物中不可燃的组分是最易挥发的，如果HFC-227ea可以蒸发（在开放环境下），则混合物的组成将会改变。为了避免混合物变成可燃物，混合物HFC-365/227只能在封口封紧的密闭容器内存放。盛装的桶必须加以保护，避免破损、过热和阳光直射。不能在30℃及以上的环境下打开桶盖。

储存的桶里，气相中含有HFC-227ea逐渐增多。随着时间的推移或经多次分装，将导致储罐中的液体变成可燃物。
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图1  分装操作中HFC-227ea含量的变化

2.3  与碳氢化合物组成共沸混合物

以HFC-365mfc作为主要成分配制混合物作发泡剂的研究大大增加了人们对HFC-365mfc应用研究的兴趣。HFC-365mfc和异戊烷、正戊烷或环戊烷组成的共沸混合物也可用于现有的碳氢发泡系统。HFC-365mfc和环戊烷组成的共沸混合物的沸点与Solkane141b相同，都是32℃。除了共沸混合物比两个单一组分有更合适的沸点外，明显不同的是两个组分都有低的导热系数（HFC-365mfc为10.6 mW/m·K，环戊烷为12.8 mW/m·K）。另外两个低沸点共沸混合物–-沸点为27℃的HFC-365mfc和正戊烷以及沸点为22.5℃的HFC-365mfc和异戊烷，组成了以HFC-365mfc为配基的发泡剂系列。HFC-365mfc的加入大大降低了碳氢发泡泡沫的λ值。

为了安全使用上述共沸混合物，必须采用有防爆设备的系统。

不可燃混合物Solkane 365/227也可与碳氢化合物混合使用。优点是HFC类产品可以储存在标准的储罐中（以前用的CFC-11或HCFC-141b储罐）因而不需要额外投资建立新的储罐。

3  实际应用

3.1  发泡剂的溶解性

部分发泡剂在聚氨酯原料中的溶解度见图2。
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                图2  发泡剂在聚氨酯原料中的溶解度

众所周知，HCFC-141b在聚氨酯原料和聚氨酯泡沫中都是具有很高的溶解度。这对工艺有好处，但会导致泡沫的部分塑化。HFC-365mfc在聚氨酯原料中的溶解度更为适当，发泡泡沫具有非常精细的泡孔。与HCFC-141b相比，HFC-365mfc在多数应用中可以降低泡沫密度。液态HFC-365mfc在泡沫中的特性更象CFC-11。与液态的HFC化合物相比，碳氢化合物在聚氨酯原料中的溶解度很有限。环戊烷是个例外，然而由于其对泡沫基体有很高的致软性，导致泡沫存在稳定性问题而至今尚未在阻燃泡沫上使用。

3.2  使用HFC-365mfc及其混合物的发泡试验
    对泡沫进行评估需要连续不断地进行工业化规模的试产。试产证明，由于HFC-365mfc合适的溶解度，所有泡沫都有精细的泡孔。泡沫的K值最引人注目，均以HCFC-141b的参数为基准进行比较。由以往论文的报道和半技术性试验得出的结论，已经证明了HFC-365mfc在泡沫中的老化性能与HCFC-141b一样好，而其发泡泡沫的K值则明显优于用碳氢化合物发泡的泡沫。新的试验（试产）是在商品化生产工厂进行的，以检查HFC-365mfc及其混合物的适应性。试产采用标准的原料和现有的配方在现有的工厂上进行。我们主要进行了层状发泡、钢板三明治发泡和喷涂泡沫的试产。

3.2.1  层压泡沫板

采用高压发泡设备，生产出常用泡沫密度和厚度为6cm的泡沫。经过一些改进后，把纸面改为铝薄板。

表6列出了相关的参数。铝薄板面HFC-365mfc发泡泡沫的物理性能在预料的范围内。特别令人高兴的是导热系数上的收获。起始K值是按标准程序在10℃时测出，HFC-365mfc和标准HCFC-141b泡沫的差别仅为1mW/(m·K)。

表6  厚度6cm的连续发泡泡沫板参数

	
	纸面
HCFC-141b
	纸面
HFC-365mfc
	铝薄板面
HFC-365mfc

	发泡剂/质量份
	14
	18
	16.5

	密度/kg·m－3 
	30
	36
	31.7

	压缩强度(水平)/MPa 
	0.15
	0.20
	0.20

	闭孔率/%
	92
	95
	94

	10℃时的导热系数初始值/mW·(m·K)―1
	19
	19.9
	20.2


3.2.2  钢板三明治泡沫板

钢板面泡沫板在连续泡沫板生产线上生产出来，建筑用夹心板泡沫厚度为8cm的泡沫的性能见表7。泡沫与金属面的粘合也很好。在10℃导热系数的初始值低于20 mW/(m·K)。

表7  连续生产聚氨酯夹心板

	    项  目
	指标

	HFC-365mfc/质量份
	13

	密度/kg·m－3 
	38.6

	压缩强度/MPa 
	0.27

	闭孔率/%
	96

	10℃时的导热系数起始值/mW·(m·K)―1 
	19.6


3.2.3  房顶喷涂泡沫

    房顶喷涂泡沫的试验采用与HCFC-141b相同的系统，只是发泡剂改用了HFC-365mfc。比较在相同的条件下喷出的HCFC-141b类泡沫和HFC-365mfc泡沫。1周后在24℃时测得的HFC-365mfc泡沫的K值小于21 mW/(m·K)，对于密度如此之高的泡沫而言，该K值是非常好的了。喷涂泡沫的表面也没有出现“爆米花”的现象。表8列出了其中最重要的参数。
表8  屋顶喷涂泡沫的性能

	
	HCFC-141b，

4层，总厚度为70mm
	HFC-365mfc

5层，总厚度95mm

	发泡剂/质量份
	14
	19

	密度/kg·m－3 
	60
	62

	压缩强度/MPa
	0.5
	0.5

	密孔率[%]
	93.5
	95

	1周后24℃的导热系数/mW·(m·K)－1 
	20.2
	20.7


3.3  混合发泡剂的比较

1．以下的试验是在相同紧压面条件下和基于7份异戊烷的原系统上进行的。

2．不可燃混合物HFC-365mfc/227的用量相对于多元醇的量为21.5份。

3．共沸发泡剂的试验是以7份碳氢化合物为起始，加入HFC-365mfc直至到达共沸点的比例。水的份量尽量减少以达到相同的密度。

4．其中一个正戊烷共沸发泡剂的配方中加入了过量的HFC-365mfc作改进。

5．所有泡沫的密度在35kg/m3左右。所有K值均在进行6周储存后，并在10℃下进行测定。

表9和表10显示了不同混合发泡剂对K值的影响。

表9  泡沫板/不同发泡剂的比较

	
	原样，异戊烷
	365/227
	365mfc/环戊烷的共沸物

	发泡剂及比率/质量份
	7
	21/1.5
	19/7

	密度/ kg·m－3  
	35.8
	35.8
	35.9

	6周后10℃的导热系数/mW·(m·K)－1 
	21.8
	19.4
	19.5


表10  泡沫板/不同发泡剂的比较

	
	365mfc/异戊烷的共沸物
	365mfc/正戊烷的共沸物
	过量365mfc/正戊烷的共沸物

	发泡剂及比率/质量份 
	6/7
	9.7/7
	19/7

	密度/ kg·m－3 
	34.5
	35
	35.9

	6周后10℃的导热系数/mW·(m·K)－1 
	20.4
	19.8
	19.6


根据上述泡沫板的试验可知，HFC-365/227的K值最低。与环戊烷组成的共沸混合物在不需考虑发泡剂可燃性及要求达到最高的绝热性能的场合中可作为首选发泡剂。

用加入HFC-365mfc以降低戊烷发泡中可能降低的水的含量，可使在现今戊烷发泡系统生产成本相当的条件下改善泡沫的性能。

在需要采用不可燃发泡剂的场合，所有应用均可采用HFC-365/227混合物。

4  结论

在以往文章的报导中对HFC-365mfc进行评估而得到了令人鼓舞的结果。这结果令我们决定在法国建立了中试车间生产HFC-365mfc。该中试车间一直都在生产运行中，使我们每年有几百吨的数量，供应给我们的客户，以便这些客户能在他们的设备上对HFC-365mfc进行系列、完整的实验和评价。

为了检验HFC产品在全球气候变化中对环境的影响，在欧洲合作伙伴的共同努力下，对HFC-365mfc进行了存留周期估算（LCA）。该研究确认了HFC-365mfc以其杰出的绝热性能使之成为未来性能卓越、利于环保的发泡剂替代物。

不可燃混合物HFC-365/227（93/7）相信是替代HCFC-141b的最佳选择。因为按照欧洲法规，HFC-365/227可按不可燃产品进行操作，而只需采取基本的预防措施。

采用HFC-365/227发泡的泡沫的基本性质类似于HCFC-141b发泡泡沫的性质。前提是与HFC-365/227配合的多元醇混合物需经优化。优化处理要考虑HFC-365mfc的两个基本特性：较低的极性使其在多元醇中的溶解度有一定的限度，以及较高的沸点可能导致在某些情况下温度很低时会冷凝。

采用HFC-365mfc作发泡剂比采用碳氢化合物容易生产出高阻燃性的泡沫。在将来欧洲采用新的防火分级标准（SBI测试和欧洲分级）后，这一点可能也将是评定发泡剂中非常重要的标准。
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Abstract: In this paper we give an overview, including updated basic data on HFC-365mfc and report on how to handle the non-flammable HFC-365/227 blend. A brief information about the environmental competitiveness, based on a life cycle assessment  (LCA) will be given. In a more practical part we give examples of the main benefits when using HFC-365mfc or HFC-365/227 or the azeotropes as a blowing agent. Typical values of thermal conductivity are presented and compared to other alternatives. The fire behaviour of the foam has also been checked. After many years of research and study, Solvay believes that HFC-365mfc is the most appropriate substitute for HCFC-141b. A large pilot plant is on stream since January 2000, with a capacity of several hundreds of tons per year. Solvay intends to build up a commercial plant for HFC-365mfc in year of 2002.
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 [Abstract]
In this paper we give an overview, including updated basic data on HFC 365mfc and report on how to handle the non-flammable HFC 365/227 blend. A brief information about the environmental competitiveness, based on a life cycle assessment  (LCA) will be given. In a more practical part we give examples of the main benefits when using HFC 365mfc or HFC 365/227 or the azeotropes as a blowing agent. Typical values of thermal conductivity are presented and compared to other alternatives. The fire behaviour of the foam has also been checked. After many years of research and study, Solvay believes that HFC 365mfc is the most appropriate substitute for HCFC 141b. A large pilot plant is on stream since January 2000, with a capacity of several hundreds of tons per year. SOLVAY intends to build up a commercial plant for HFC-365mfc in year of 2003.

INTRODUCTION

As a producer of blowing agents for polyurethane foams, phenol foams and extruded PS/PE-foams SOLVAY started comparatively early to develop a suitable substitute for HCFC-141b. A first pilot plant started end of 1996, and a large pilot plant is on stream since January 2000, with a capacity of several hundreds of tons per year. SOLVAY intends to built up a commercial plant for HFC-365mfc in Taveaux, France, which is expected to come on stream end of 2003.

The toxicological studies, which are required to put the product on the market, have given encouraging results. All available toxicity data indicates that there are even less effects than observed with HCFC-141b. The 90-day inhalation study is available, and all studies are finished by mid of 2002.

The notification process for European List of new chemical substances , ELINS, has started, and the so-called base set level has been obtained. The product is registered under the number 99-01-0570-00. The next step, level 1 certification, is expected soon. This will allow to put 1000t/year on the European market. The full commercialisation is scheduled for 2003. In the meantime important quantities can be used for trials to collect experience in practice and for commercially used products.

A world-wide licence from Bayer has been acquired by SOLVAY for all PU applications. The only exemption is USA and Canada. With the sale of the HFC SOLKANE 365mfc SOLVAY grants to their customer a world-wide sub-licence except USA and Canada.

In this paper we give an overview, including updated basic data on HFC 365mfc  and report on how to handle the non-flammable HFC 365/227 blend. A brief information about the environmental competitiveness, based on a life cycle assessment  (LCA) will be given, bearing in mind that the impact of a blowing agent has to be calculated combining direct and indirect effects.

In a more practical part we give examples of the main benefits when using HFC 365mfc or HFC 365/227 or the azeotropes as a blowing agent. Typical values of thermal conductivity are presented and compared to other alternatives. The fire behaviour of the foam has also been checked

OVERVIEW

SOLVAY is committed to supping a liquid zero ODP blowing agent for plastic foams (PU, Phenolics and PS/PE)  as substitute for HCFC 141b. Since 1995 we have published a series of papers on the development of HFC 365mfc as a substitute for HFC 141b. HFC 365mfc has a boiling point of ~40°C and a vapour thermal conductivity of 10.6 mW/m.K, as shown in table 1.

Table 1. Main characteristics of HFC 365mfc

	
	HFC 365mfc

	Structure
	CF3-CH2-CF2-CH3

	Molecular weight
	148

	Boiling point, [℃]
	40.2

	Melting point [℃]
	- 32

	Critical temperature [℃]
	187.7

	Critical pressure [kPa]
	2754

	Thermal conductivity of gas

Phase @ 25℃ (mW/m·K)
	10.6

	Heat of vaporisation at boiling

Point, [kJ/mol]
	26.2

	Minimum Ignition Energy
	10.4 mJ

	Flame Limits [% by volume]
	3.8 – 13.3


Table 2. Physical data on HFC 365mfc

	t

[°C]
	p

[bar]
	rho´

[Liquid]

[kg/l]
	rho´´

[gas]

[g/l]

	-40
	0,0114
	1,361
	0,0874

	-30
	0,0244
	1,344
	0,179

	-10
	0,0901
	1,309
	0,614

	0
	0,158
	1,291
	1,04

	10
	0,264
	1,273
	1,69

	20
	0,422
	1,253
	2,63

	30
	0,643
	1,234
	3,94

	40
	0965
	1,213
	5,73

	50
	1,39
	1,192
	8,11

	60
	1,95
	1,169
	11,2

	70
	2,68
	1,146
	15,2

	80
	3,59
	1,121
	20,2

	90
	4,73
	1,095
	26,6

	100
	6,11
	1,067
	34,4


More physical properties have been recalculated by NIST (8) in a preliminary study. Table 2 gives latest accurate data on pressure and density of HFC 365mfc.

Environmental benefits of HFC 365mfc

"HFC 365mfc  LCA Study"

HFC 365mfc has a relatively short atmospheric lifetime of 10.8 years and a global warming potential  of 840 – 910 (TEAP (9) report Oct. 99). HFC 365mfc therefore belongs to the greenhouse gases , even if its contribution is comparatively limited. As the producer  of HFC 365mfc SOLVAY considered it is necessary to quantify the ECO profile and the environmental  competitiveness of insulation foams blown with HFC 365mfc by a life cycle assessment (LCA).

The LCA study on HFC 365mfc as a blowing agent and insulation agent in polyurethane rigid foams for thermal insulation was performed by the project partners Elastogran (BASF group), Kingspan, Synthesia and Solvay Fluor und Deviate GmbH. Due to its low vapour k-value of 10.6 mW/m.K it provides rigid foams with an insulation quality superior to other alternatives such as hydrocarbons. During service life of a foam as an insulation material it saves more energy, compared to the same rigid foam blown with hydrocarbons or CO2/water, which can compensate  the original GWP of the blowing agent. 

The use of a single environmental parameter, i.e. GWP for one given compound as a selection criteria, is misleading. LCA data provides a more rational and balanced information basis. Looking at the full picture HFC 365mfc has the potential to replace HCFC 141b and become the future environmentally sound blowing agent for high performance rigid PU foams.

Non Flammable HFC 365/227 blend

Safety and Handling

HFC 365mfc has a limited flammability risk, which is located between the well-known HCFC 141b and the explosively flammable hydrocarbons. It must be stressed that the flammability of HFC 365mfc is less critical than the one of hydrocarbons, due to its content of Fluorine instead of Hydrogen in the molecular structure. As a result the lower flammability limit is located at a rather high level of 3.8 vol% in air, and the heat of combustion is low.  

In Europe there exist norms to use the declaration “ flammable liquid “ for the pure HFC 365mfc.

Furthermore, the so-called “European” flammability of HFC 365mfc has no significant influence of the foam itself.

Solvay has decided to supply world-wide the non flammable blend HFC 365mfc with HFC 227ea,  SOLKANE( 365/227.

The following table compares the flammability characteristics of HFC 365mfc , the blend SOLKANE( 365/227 with HCFC 141b and n-pentane.
Table 3. Flammability characteristics in comparison

	Agent
	Boiling

Point

℃
	Density

kg/l at

20℃
	LFL

[% v/v]
	LFL

[mg/l 

air]
	UFL

[% v/v]
	Flash

Point

(℃)


	Minimum

Ignition

Energy

[mJ]
	Auto-

Ignition

Temp.

[℃}
	Heat of

Com-

bustion

[kJ/kg]

	HFC 365mfc
	40.2
	1.253
	3.8
	251
	13.3
	<-27(Eur.)
	10.4
	594
	12 000

	365mfc/227
	30
	1.252
	~3.8
	~251
	~13
	None
	>1000
	>594
	11 600

	141b
	32
	1.230
	5.6
	292
	17.7
	None
	~20000
	550
	7 900

	n-pentane
	36.1
	0.630
	1.4
	45
	7.8
	~56
	0.22
	285
	46 7000


For HFC 365mfc the lowest energy required for ignition has been found at a concentration of 8% by volume in air. This minimum ignition energy (MIE) is 10.4 +/- 0.5mJ at 25°C (10).

In comparison n-pentane has a MIE of only 0.22 mJ at room temperature and therefore can be ignited by low energy sources.

Straight HFC 365mfc must be handled as a flammable liquid , following European laws even if its risk of flammability is less important, compared to hydrocarbons. Flammable substances are usually labelled in Europe with the symbol F and the risk phrase R11.

Non flammable HFC 365/227 Blend

A non flammable blowing agent is of special interest as a substitute for HCFC 141b, as it can be used on standard production facilities and for such application where safe and easy handle blowing agent is needed. A blend of HFC 365mfc/227 with 5 pbw of HFC 227ea has no flash point  and therefore is a non flammable liquid. It should be noted that this blend is non-azeotropic and may therefore become flammable if HFC 227ea evaporates during handling. To have a safety margin SOLVAY recommends using the HFC 365mfc/227 blend with around 7  pbw of HFC 227ea, which is an excess of 2  pbw. This blend starts boiling at about 30 °C. Important data are the summarised in Table 4.

Table 4 Main characteristics of the 93/7 HFC 365/HFC 227 blend

	Structure
	HFC 365mfc/HFC 227ea

CF3-CH2-CF2-CH3 / CF3-CHF-CF3
Ration 93/7 wt %

	Boiling start [℃]
	28-30

	Density, [kg/l (liquid@25℃]
	1.242

	Vapour pressure, [bar ( @20℃)]
	0.701

	Vapour thermal conductivity

[ mW/m.k] at 25℃
	10.7


	Ignition temperature
	> 594

	Minimum ignition energy at 23℃
	> 1000 mJ

	Heat of combustion [kJ/kg]
	11 600

	Flammability limits [% by vol.]
	3.8 – 13.3

	Flash point 
	none


Even if the blend is non-flammable, it still has flammability limits between 3.8 and 13.3 vol% in air, a behaviour which is similar to that of HCFC 141b. The Minimum Ignition Energy is also an important criterion to complete the evaluation of the flammability of a product.

This parameter has been measured in an official laboratory for several compositions. 

Because the blend is non-azeotropic and because the non-flammable component is the most volatile one, the composition of the blend might change if it is used in conditions where HFC 227ea can evaporate (open system).

In order to avoid the blend becoming flammable during storage, the blend should be stored  in tight systems only. The drums should be protected from physical damage, excessive heat or direct sunlight. They should not be opened at temperatures of 30℃ or higher.

The gas phase of the storage tank contains gradually slightly more HFC 227ea, which rules out that the overall content of the storage tank becomes flammable over time or after several refilling.
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Figure 1  Changing of HFC 227ea concentration after refilling operations

Flammable Azeotropes with Hydrocarbons

The studies on blends with HFC 365mfc as the key component have considerably increased the interest in HFC 365mfc. For cost-driven application where hydrocarbons are established, azeotropes of HFC 365mfc and iso-pentane, n-pentane or cyclo-pentane can be used. The azeotrope of HFC 365mfc and cyclo-pentane has the same boiling point as HCFC 141b, i.e.32°C. In addition to the more suitable boiling point than the two individual components, the distinctive feature of this blend is that both components have a low gas phase thermal conductivity ( 10.6 mW/m.K for HFC 365mfc and 12.8 mW/m.K for cyclo-pentane).

The two other low boiling azeotropes, with HFC 365mfc and n-pentane, boiling at 27°C and with HFC 365mfc and iso-pentane, boiling at 22.5°C complete the list of interesting blowing agents based on HFC 365mfc. The addition of HFC 365mfc to hydrocarbons significantly improves the lambda value of the foam.

Safe handling of these flammable azeotropes obviously requires the use of explosion-proof devices.

The non-flammable SOLKANE( 365mfc/227 blend might be used as well in combination with hydrocarbons. The advantage would be that the HFC type product could be stored in a standard tank ( former CFC-11 or HCFC 141b tank) and that no investment for additional storage tank would be required.

EXPERIMENTAL PART

Solubility of blowing agents

HCFC 141b has a high solubility in PU raw materials and in PU which is good for processing but results in some plasticisation of the rigid foam, as well known. HFC 365mfc has more appropriate solubility in PU raw materials resulting in very fine celled foams (2). This should allow to  reduce the foam density in PU in most cases compared to HCFC 141b. The liquid HFC 365mfc in foams exhibit a more CFC-11 like behaviour.

Hydrocarbons have a limited solubility in PU raw materials, compared to liquid HFCs. The exception is Cyclopentane, which is not yet applied in flame protected foams because of foam stability problems due to the high softening effect against the foam matrix. Figure 3 summarise some examples with different types of  polyols.
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Figure 3. Solubility of blowing agents in PU raw materials

Foaming trials with HFC 365mfc and blends

The foam evaluation was continued by industrial scale trials. All foams were fine celled due to the appropriate solubility behaviour. The k-factor of foams was of special interest, and HCFC 141b was the bench mark. As published in previous papers and based on semi technical trials performed in the past, the ageing behaviour for HFC 365mfc in foams was found to be as good as for HCFC 141b, and the k-factor was significantly better than for hydrocarbon blown foams.

New trials have been performed on commercial size plants to check the suitability of HFC 365mfc and its blend in practice. Standard raw materials and existing formulations have been used on existing plants.

Our main interest was addressed to laminates, steel sandwich panels and spray foams.

Panels (laminates)

Panels have been produced with high pressure equipment at a usual density and a thickness of 6 cm. After some optimisation the paper facing was changed into aluminium foil.

The data is summarised in table 6. The physical properties remained within their expected range. The evolution of the thermal conductivity was of special interest. The initial k-values have been checked at 10°C following the standard procedure. The difference between the standard HCFC 141b and HFC 365mfc was only around 1 mW.

Table 6. >Panel 6 cm, cont. production

	
	Panel paper facings

HCFC 1141b
	Panel paper facings

HFC 365mfc
	Panel aluminium facing

	Blowing agent [pbw]
	14
	18
	16.5

	Density [kg/m³]
	30
	36
	31.7

	Compressive strength

[N/mm²,X-axis
	0.15
	0.20
	0.20

	Closed cells [%]
	92
	95
	94

	Therm.cond.[mW/m·K]
Initial value 10℃
	19
	19.9
	20.2


Steel sandwich panels

Steel faced panels have been produced on a continuos working laminator. The results of the trials are shown in table 7. The adhesion of the metal facings was good as well. The initial thermal conductivity was below 20 mW/m.K at 10 °C.

Table 7. PU Sandwich panel, cont. production

	
	Construction element

Thickness 8 cm

	HFC 365mfc [pbw]
	13

	Density [kg/m³]
	38.6

	Comprssive strength [N/mm²]
	0.27

	Closed cells [%]
	96

	Therm.Cond. at 10℃
Initial value [mW/m·K]
	19.6


Roof spray

This roof spray trial was carried out with a standard spray system for HCFC 141b and adapted to HFC 365mfc. HCFC 141b type and HFC 365mfc type foams were sprayed under the same conditions and compared against each other. The k-value after 1 week, measured at 24°C below 21mW/mK was excellent for such high density foam. The surface of the spray was without “popcorn” effect. Table 8 summarise the most important data:

Table 8. Roof spray

	
	Total thickness 70 mm

4 layers, HCFC 141b
	Total thickness 95 mmm

5 layers, HFC 365mfc

	Blowing agent [pbw]
	14
	19

	Density [kg/m³]
	60
	62

	Compressive strength

N[mm²]
	0.5
	0.5

	Closed cells [%]
	93.5
	95

	Therm.Cond. [mW/m·K]

After 1 week, 24℃
	20.2
	20.7


Blowing agent blends in comparison

The following trials have been performed on a continuos laminator with diffusion tight facings under the same conditions and based on an original system working with 7 pbw of isopentane:

The non flammable blend HFC 365/227 was applied at an amount of 21.5 pbw, rated to the polyol.

The trials with azeotrope were made with the original ratio of 7 pbw of hydrocarbon, and HFC 365mfc was added till the azeotropic ratio was met. Water was reduced adequately to meet the same density.

One formulation working with the azeotrope with n-pentane was performed with an excess of HFC 365mfc to get additional improvement.

The density of all foam was around 35 kg/m³ , and all k-factors have been checked at 10°C by after 6 weeks of storage time.
Table 9. Panels / Blowing agent options in comparison

	
	Straight

Iso.pentane
	365/227
	Azeotrope

365mfc/c-pentane

	Blowing agent [pbw]

and ratio
	7
	20/1.5
	19/7

	Density [kg/m³]
	35.8
	35.8
	35.9

	Therm.Cond.at 10℃
After 6 weeks [mW/m·K}
	21.8
	19.4
	19.5


Table 10. Panels / Blowing agent options in comparison

	
	Azeotrope

365mfc/iso-pentane
	Azeotrope

365mfc/n.pentane
	Azeotrope / +

365mfc/n-pentane

	Blowing agent [pbw] And ratio
	6/7
	9.7/7
	19/7

	Density [kg/m³]
	34.5
	35
	35.9

	Therm.Cond.at 10℃

After 6 weeks [mW/m·K]
	20.4
	19.8
	19.6


Tables 9 and 10 give an impression about the influence of different blowing agent blends on k-value of foams. 

According to our trials for panels, the blend HFC 365/227 give the best k-value and the azeotrope with cyclo-pentane could be a primary candidate for such application, where flammability is no concern and a maximum insulation quality is needed. 

The possible reduction of the water content of pentane-blown foams by HFC 365mfc should allow to improve foams currently manufactured with pentane at competitive production costs.

The blend HFC 365/227 is recommended for all applications where a non flammable liquid is needed.

CONCLUSION

The encouraging results obtained during the evaluations of HFC 365mfc reported in our previous papers have led us to the decision to start a pilot plant production in France. This pilot plant has now been running since January 2000 and several hundred tons of material per year will be available for customers wishing to perform a complete evaluation of this product on their installation.

In order to check the environmental impact of HFCs on the global climate change, a life cycle assessment of HFC-365mfc has been performed in co-operation with European partners. This study confirms that HFC 365mfc to become the future sound high performance blowing agent with environmentally friendly alternative with outstanding insulation properties.

The non-flammable HFC 365/227 blend ( 93/7) is believed to be the most appropriate substitute for HCFC 141b as it can be handled as a non-flammable product concerning European laws if some basic precautions are respected. 

The basic properties of foam prepared with such a blend are similar to the basic properties of foam blown with HCFC 141b, provided the polyol blend has been optimised for this blowing agent. The optimisation process needs to take into consideration two basic properties of HFC 365mfc: its low polarity that limits its solubility in polyols and its high boiling point that can lead in some cases to condensation at low temperature.

By using this blowing agent it becomes easier to reach a high flame retardancy than with hydrocarbons. This might be also an important criterion in the future after the introduction of the new fire classification in Europe (SBI test and Euroclasses).
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