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ABSTRACT

A review of methods of measuring three main thermal properties (thermal conductivity, specific heat
and latent heat) in polymer melts has been carried out. This has identified a number of relevant
standards which would assist users. The purpose of this report is to evaluate current measurement
methods for each of these properties and to propose the best currently available method(s) to meet
industrial requirements and recommend improvements where needed. Moldflow simulations have
also been carried out which illustrate the commercial importance of accurate thermal property data.
For example, in an ABS hub cap a 20% variation in thermal conductivity leads to a 120% (54s)
change in cooling time.
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1 INTRODUCTION

Speed of production is critical in polymer processing for maximising profitability. The processing
cycle is however limited by the amount of time needed to quench a plastic part into a frozen state in
the mould and at the same time keeping the shrinkage and warpage values to within the specified
tolerance limits. This becomes particularly complex as the part thickness increases, since most
plastics have inherently poor thermal properties ( e.g. the conductivity is about 100 times lower than
metals).

Estimation of heat transfer is critical since the cycle time depends on the ability to predict minimum
time a plastic part should remain in the mould (Figs. 1 and 2). This will allow the production rate to
be maximum and the unit cost to be minimum (1). A recent report from Moldflow (2) stated a cost
saving from shorter cycle times of 35p per part (~£60k pa) for Nippondenso using just the modelling
data available today on an air filter unit. However the calculation of cooling time is difficult and is
normally done by using the bulk average temperature of the melt; but this may lead to a considerable
amount of uncertainty as the part thickness increases. Estimation of the frozen layer thickness of the
part becomes complex as soon as the part is ejected and the interface changes from a metal heat sink
to air or similar environment. (Figs. 1 and 2). The latent heat of crystallisation in the interior of the
part is redistributed as the part continues to cool in the air at a much slower rate. This causes an
increase in temperature in the part at the crystallisation front and may introduce part defects.

Plastic processing operations therefore, generally require understanding of the fluid flow and heat
transfer phenomena from the core of the plastic moulding to the surface of the component (3). The
heat transfer properties are functions of temperature, pressure and shear (flow) rate (Fig. 3). At the
interface, the heat transfer phenomena may be affected by surface finish, pressure, additives such as
mould release agents etc. Very few of these effects have been quantified so far. Heat transfer also has
a strong influence on the viscosity of the polymer. An incorrect viscosity value may lead to hot spots,
degradation and general increase in the scrap rate. Commercial software packages are available to
assist design and to optimise production, but they all rely on access to reliable industrially relevant
data (4,5). There is thought to be some uncertainty over the practiced measurement techniques and
also over the significance of heat transfer parameters to industrial polymer processing. (Some of the
causes of this uncertainty may include low pressure data that are used in high pressure industrial
conditions, exclusion of latent heat of crystallisation in commercial simulation packages).

In order to demonstrate the benefits of good thermal property measurement, three main thermal
properties (i.e. thermal conductivity, specific heat and latent heat) have been selected and have been
reviewed in this report. The current measurement methods were also investigated to see if they
provide industrially relevant experimental data. Heat transfer coefficients at surfaces and thermal
diffusivity [= thermal conductivity / (density x specific heat)], although important for many industrial
polymer processes, are not covered in detail in this report (see refs. 6-10 for further reading).

This review includes a literature search on the above three thermal properties, since 1970, which
identified 100 references on thermal conductivity, 134 references on specific heat and 58 references
on latent heat. There are 2 standards for specific heat, 10 standards for thermal conductivity and one
standard for latent heat measurement available in the literature. However, it is to be noted that by no
means are all these references strictly relevant to polymer melts. Most of the reported work on
polymers is on thermoplastic materials although there are references to a limited amount of work on
reactive materials in some papers. The search also identified three databases: ATHAS (website:
http://www.funnelweb.utcc.utk.edu/~athas) for specific heat of polymers (11), Moldflow database
(website: http://www.moldflow.com/) containing thermo-physical properties of well over 4500
materials (12) and the CAMPUS database (website: http://www.campusplastics.com) containing
information on plastics properties from over 40 leading material producers.
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A survey of UK industrial requirements for heat transfer properties was carried out in July 1999 prior
to this review, which confirmed the importance of heat transfer to polymer processing (comments are
compiled in Annex 1). This has helped NPL to formulate the experimental work programme to ensure
its relevance to industrial processing conditions. The survey received unanimous agreement from the
industry on the importance of good data on heat transfer to maximise heat transfer rates and hence,
production rates. 100% of respondents agreed that thermal conductivity and specific heat are
significant heat transfer parameters, while 95% thought latent heat to be significant. Other parameters
that were thought to be important in polymer processing were: thermal diffusivity, heat of reaction,
viscous heating, rheology as a function of flow rate and cooling capacity of the cooling medium. 67%
agreed that good heat transfer data would reduce degradation, while 77% believed it would also
reduce distortion. 52% of respondents process/supply semi-crystalline materials while the rest (48%)
are involved with amorphous materials. 47% make use of fillers and 50% thought orientation is an
important aspect in their products. 44% use commercial process simulation software and nearly 50%
have DSC equipment of their own. The majority (>85%) suggested the industrially relevant
temperature and pressure ranges to be between 130°C to 280°C and between 3 MPa to 200 MPa
respectively. ‘

The UK measurement capabilities on thermal properties of polymers are believed to exist at the
following principal centres in addition to NPL : Rapra Technology, Loughborough University,
Bradford/Leeds Universities (IRC), Surrey University, Manchester University and DERA. However,
almost all of the recently published literature reviewed in this work are from countries outside the
UK. It is difficult therefore to comment on the exact state of the industrially relevant research work
on polymer thermal analysis in the UK at present. Industrial need for reliable heat transfer data is
however strong, as illustrated by the Moldflow simulation work reported in this document (e.g. Figs.
8 and 18). Making use of accurate relevant data is expected to aid the UK polymer processing
industry to maximise profit and increase competitiveness in the medium to long term.

2 THERMAL CONDUCTIVITY (A)

Thermal conductivity is the second most significant property (after viscosity) to influence
temperatures and pressures in polymer processing. It is defined as the rate of heat transfer through a
unit volume of the material by conduction and is usually expressed in W/m/°C. It determines
temperature distribution, controls flow characteristics and cooling rate, but in spite of such an
important role it is also regarded to be one of the least accurately measured parameters (~50%
variation within a grade and ~200% variation over the range of polymer studied, ref. 3). Accurate
measurement is therefore crucial for reliable predictions of injection and blow moulding and
downstream of the die in extrusion. Thermal conductivity data on PC/ABS used to design products
like mobile phones, laptop, pager etc. were reported to vary between 0.11 to 0.22 W/m/ °C; this
variation is considered to be the result of differences in measurement techniques rather than the
material. On polyethylene, the thermal conductivity was reported to vary by ~80%. Moldflow have
estimated that a 100% difference in thermal conductivity can lead to a 30 to 50% difference in
pressure during processing (4). Considerable uncertainty also arises from the fact that most
measurements are carried out at normal pressure (0.1 MPa) whereas polymer processing occurs at
high pressure (up to 200 MPa). Even the temperature dependence of thermal conductivity is not well
established since most conventional measurement methods require either a solid sample or a fluid
that will not degrade during testing (note that A of polyethylene may vary by ~50% between room
temperature and 200°C). The effects of temperature and pressure on A for a range of polymeric
materials are shown in Figs. 4-7 and reported in refs. (13-21). Although temperature has a relatively
small effect (10-20%) on thermal conducﬁvity in most polymers in the melt state (160°C-280°C), a
difference of 40% -100% in thermal conductivity value could be possible in many polymers due to
pressure changes (up to 300 MPa).
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Examples of Moldflow simulation work are shown in Figs 8a-81 which demonstrate the importance of
thermal conductivity data in temperature and cooling time distributions in an injection moulded
component (a hub cap). The effects of varying input thermal conductivity values (by introducing an
error of * 20% in the measurement) from the standard input value are shown at two pressure levels
(30MPa and 60MPa). A difference of ~50% in cooling time distribution is seen (Fig. 8d) when a
measurement error of -20% is introduced. The same very large change in cooling time is seen at
60MPa. Since a + 50% difference in the measured thermal conductivity value is not uncommon in the
literature, this exercise demonstrates very clearly the need for generating more accurate industrially
relevant thermal conductivity data.

Accurate thermal conductivity data are needed for material selection, heat flow calculations, for
understanding the heat transfer mechanism and accurate cycle time predictions. In particular, there is
a general lack of reliable published data on both semi-crystalline and amorphous polymer melts at
high temperature, pressure and shear rate (flow rate). In addition, further complications arise as it
becomes important to relate the thermal conductivity value to the deformation history of the material.
Most of the published data are obtained on non-oriented samples. However, it should be noted that
the molecular / fibre orientation might have a large influence on the thermal conductivity of
polymeric materials (Figs. 9-12) i.e. thermal conductivity will increase in the longitudinal direction
and will decrease in the transverse direction (3). Polymer molecular weights are also likely to make
differences to thermal conductivity for the same type of polymer. Thermal conductivity has been
reported to increase with increased molecular weight of the polymer (up to M,, = 100,000) (3). The
type of filler, its concentration, aspect ratio, continuous or non-continuous nature and orientation of
fibres, all have considerable influence on the thermal conductivity value measured (22-29). A
difference of a factor of ~10 in thermal conductivity between the draw direction and perpendicular to
the draw direction has been reported in ref. 7. Theoretical work to estimate thermal conductivity
values of polymers by mathematical modelling has also been reported in the literature (30-31).

The requirements identified for measuring the thermal conductivity of polymer melts are thus:

¢ need to measure highly viscous materials up to 280°C

¢ measurement times preferably to be of the order of minutes to avoid degradation (hence, transient
methods to be first considered)

o preferably to be a direct measurement method

¢ no sharp, high temperature rises that may cause degradation

e ability to measure both temperature and pressure dependencies and if possible, ability to measure
flowing melts (shear rate) and orientation dependency

e error to be better than + 10%

¢ method(s) to be robust, rapid, cost effective and be easy to operate.

This survey has identified 16 measurement methods which are placed in 3 main categories (32-51)

Transient methods 8 techniques  direct or indirect method, fast (1-10 minutes), measurement
in non-equilibrium state.
Steady-state methods 4 techniques  accurate but slow (up to 36h) for equilibrium state, direct
method, gives absolute value but degradation likely.
Non steady-state 4 techniques  direct or indirect method, non-equilibrium techniques.
methods (periodic)

Steady state methods such as the parallel hot-plate / guarded hot plate (ASTM C518 and C177),
concentric cylinder, axial heat flow and radial heat flow methods, require long periods, of the order
of hours, to reach equilibrium temperature and are thus unsuited to polymers because of degradation
problems.
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Table 1 summarises the published thermal conductivity measurement options by transient methods
both by direct and indirect routes (7). Of these transient techniques, the Line Source Probe and the
Transient Hot Wire methods are recommended for polymeric materials.

In the Line Source Probe technique a heat source and a thermocouple are incorporated into a fine
needle shaped probe which is inserted into the sample (Fig. 13). From measurements of the voltage
and the current supplied to the heater, the electrical power and hence the heat energy being supplied
to the probe can be determined. The temperature is measured as a function of time. The thermal
conductivity is determined directly from the temperature measured at two different times (t, and t,)
from the equation:

Q.In(z, /1,)
A=zl
4n(T, - T,)

where, Q = a short pulse of known energy, T, and T, = initial and final temperatures.

The Line Source Probe technique is rapid, measures thermal conductivity directly, can be used under
a range of conditions and has the added advantage of the probe being robust in design, easily
calibrated and cleaned. Its principal disadvantage is that the accuracy is relatively poor compared to
the Transient Hot Wire technique. A standard procedure (ASTM D5930 - 97) exists to assist users
(but no ISO standard yet).

The Transient Hot Wire technique works on a similar basis except that the heat source and
thermocouple are provided for by a single fine platinum wire, which is suspended in the sample (Fig.
14). The temperature of the wire may be inferred from its resistance which varies characteristically
with temperature. The Transient Hot Wire technique is also rapid, accurate, measures thermal
conductivity directly and under various conditions of pressure, temperature and shear(flow) rate. The
main problem with this method is that the fine platinum wire is fragile, with the consequence that the
preparation of the sample and cleaning the polymer off from the wire may present practical
difficulties. In addition, the method is dependent upon a small heat-emitting area and therefore, small
bubbles, imperfections or non-wetted sections on the wire may have a significant effect on the results.
In order for this technique to be used as a standard, appropriate methods should be developed for
preparing the sample and removing polymeric residues from the wire without damaging it. Thicker
wires may be used, but to the detriment of the accuracy of the technique.

3 SPECIFIC HEAT (C,)

The specific heat capacity (C,) is the heat required to raise unit mass of material by 1°C at constant
pressure and is usually expressed in J/g/°C. 1t is regarded to be an important macroscopic material
property (52-54) which enables other thermodynamic functions to be derived (e.g. in the calculation
of thermal diffusivity, shear heating etc). Like thermal conductivity, specific heat also exhibits (Figs.
15-17) variations from room temperature to processing temperature (50-70% variation in amorphous
polymers is common). In particular, during melting, the specific heat can increase very significantly
(5). By contrast, the pressure reduces the specific heat values in polymers by as much as 15% in the
range 1-35MPa (Figs. 16, 17).

A number of published measurement techniques for measuring specific heat are presented in Table 2
with measurement uncertainties quoted where available (55-75). Most of the reported work were on
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thermoplastic materials although some included a limited amount of work on thermoset materials
primarily for the purpose of studying the cure kinetics/ the heat of reaction. The table includes the
traditional adiabatic calorimetry method and its various modifications (76) as well as the popular and
accurate DSC (Differential Scanning Calorimetry) method and its modified version i.e. Temperature
Modulated Differential Scanning Calorimetry (TMDSC) (77-84). The thermal diffusivity and the heat
capacity can be successfully measured by a laser flash method (ASTM C2141), although this may not
be a particularly suitable method for all polymeric materials due to degradation problems (85). Other
measurement methods which are available in the literature include: Micro-Calorimetric method (86),
Heat Pulse technique (61) and the Drop method (81).

The DSC and its variation are by far the most widely used techniques for measuring specific heat in
polymer melts because of the high accuracy (<1% error), reliability and the ease of operation. A
small sample weight (<100mg) is required which can be tested between -100°C to in excess of 700°C
with high reproducibility and at different cooling/heating rates. Many makes of commercial
equipment are now available. A standard procedure (ASTM E1269) exists to assist users.

The measurement of specific heat of polymers under pressure is a complex area and only a few
published results are available (87-90). Conventional calorimetric methods are difficult to use
because of the large heat losses in a high pressure apparatus. Modern DSC equipment can however be
modified with a simple attachment which would then allow pressure dependant measurement up to 10
MPa. A technique called the “Heat Wave Method” has been reported to determine specific heat and
thermal diffusivity in polymers such as PTFE, PMMA, PS and PP at pressures of 0-30 kbar (16,17).
Mathematical models to predict specific heat and thermal conductivity under pressure and
temperature have also been reported (17, 91).

Examples of Moldflow simulation work are shown in Figs 18a-181 which demonstrate the importance
of specific heat data in temperature and cooling time distributions in an injection moulded component
(a hub cap) at pressures of 30MPa and 60MPa. The effects of varying input specific heat values (by
introducing an error of + 20% in the measurement) from the standard input value show that a
difference of ~50% in cooling time can occur (Fig. 18f). The same trend is obtained when the
pressure is doubled to 60MPa. Since a + 20% difference in the measured specific heat value (e.g. due
to pressure differences) cannot be ruled out, this exercise demonstrates the need for generating
accurate industrially relevant specific heat data (including pressure dependent data) for use in
computer simulation software in the future.

Specific heat of filled polymers (amorphous and semi-crystalline) can be determined in the same way
as for unfilled polymers. A few papers have been published on the effect of filler on specific heat.
The results from filled PS and PMMA are discussed in ref. (92). The effects of fibre content on the
specific heat in filled epoxy have been reported in ref. (93).

The ATHAS (Advance Thermal Analysis System) database (11, 94-97) is a good source for acquiring
specific heat capacity data (website: http://www funnelweb.utcc.utk.edu/~athas). The CAMPUS
(website: http://www.campusplastics.com) and Moldflow databases (website:
http://www.moldflow.com/) (12) are also two valuable sources containing information on plastics
properties. Other databases are also available in the open literature (51, 98-102).
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4 LATENT HEAT

The latent heat is defined as the total amount of heat required to melt a unit mass of material and is
normally expressed in J/g. The latent heat and the specific heat are therefore closely related :

!

[det = latent heat

where, t; = temperature at the start of melting
and  t, = temperature at the end of melting

A special case of heat transport is when a material undergoes a first order phase transition with
emission or absorption of heat such as crystallisation. An essential feature of crystallisation is the
existence of a moving interface at which the latent heat of fusion is liberated or absorbed (Figs. 19,
20). In some materials this interphase at which the transformation occurs follows the isotherm of the
melting point of the substance (103-111). This results in the liquid phase being substantially super
cooled or the solidified phase being super heated. This is the case for polymers. Piorkowaska and co-
workers have shown (112, 113) that it is possible to determine the influence of the latent heat of
fusion evolving during polymer crystallisation on the temperature distribution near the crystallisation
front. First-order phase transitions are accompanied by the release or the absorption of latent heat of
fusion (Fig.19). Hence, the initial temperature distribution inside the material undergoing melting or
solidification will change. The process of transformation is then controlled by heat dissipation; hence
the position of the interphase boundary is deduced to be proportional to the square root of time.
Several treatments to this problem are available (112, 113). Second order transitions (such as the
glass transition) do not evolve or absorb heat and thus have no latent heat. Therefore, the effects of
this thermal parameter are only relevant to semi-crystalline polymers.

A limited amount of information on this parameter is available in the literature (114-118). The DSC
and the TMDSC are the two principal techniques that are capable of determining this property
experimentally (104, 118). Some theoretical work has also been reported to derive this value in
various polymers (105, 106, 114). The effects of pressure and filler type and content on latent heat
have not been reported specifically though much work has been done on the effect of additives (e.g.
nucleating agents) and the effect of pressure on crystallisation kinetics. Previous work at NPL (118)
indicated a potential way of measuring latent heat of crystallisation in polymer melts at high pressure
using PVT equipment (Fig.20).

A standard (ASTM D3417 - 97, “Enthalpies of fusion and crystallisation of polymers by DSC”)
exists to assist users.

5 CONCLUSIONS

5.1 COOLING TIME

Cooling time predictions appear to be very sensitive to thermal conductivity and specific heat input
values. Measurement errors of = 20% from current methods could be considered typical, yet a 20%
variation in input data has been shown to lead to a 120% change in cooling time. This has major
implications for the accurate prediction of cycle times.
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52 THERMAL CONDUCTIVITY

Two principal methods of measuring this parameter are: the Transient Hot Wire method and the Line
Source Probe method. Both are capable of making temperature and pressure dependant
measurements. The Transient Hot Wire method is stated to be more accurate, but the Line Source
Probe method is more practical for polymers.

53 SPECIFIC HEAT

Undoubtedly, the DSC and its extension (TMDSC) are the most popular choices for the measurement
of specific heat in polymers. The DSC technique is fast, accurate and generally regarded to be
reliable. The technique can be modified at a relatively low cost to measure pressure dependant
properties up to 10 MPa.

5.4 LATENT HEAT

The only method reported for the measurement of latent heat is the DSC and its extension (TMDSC).
This survey revealed no previous work on pressure dependency or the effects of filler type and
content on latent heat in polymers.

It is recommended that the effects of industrially relevant temperature, pressure and shear (flow) rate
on all 3 thermal parameters (reviewed in this report) be investigated in filled and unfilled polymers.
As a first step, it is important therefore to consider whether the accuracy can be improved if careful
choices of measurement technique and procedure are made. The improved accuracy on thermal
property measurements could help to develop more reliable computer simulated prediction packages,
which it turn should benefit the polymer processing industry to achieve reduced cycle times and low
scrap rates in production. It should be noted that major software packages, such as Moldflow, require
a similar investigation on “heat transfer coefficients” and “no-flow temperature” parameters, which
are further critical input parameters to their heat transfer software packages. Future investigation of
these two parameters are therefore also recommended.

6 ACKNOWLEDGEMENTS

The author would like to thank the members of the IAG on “Measurement Methods Relating to the
Processing of Plastics”, particularly Moldflow, for their kind support & advice and to the following
staff members of NPL for their help and useful discussions : C S Brown, C Hobbs, A Fry, C Allen
and L Sharma.

The work reported here was carried out under the EID “Measurements for Processability of Materials
(MPM)” programme financed by the United Kingdom Department of Trade and Industry.

7 REFERENCES
J P Dickerson : ANTEC’98, p3533, 1998.
2. Moldflow News, issue 10, page3, 1998/99

3. S Chakravorty and C S Brown : “The significance of thermal material parameters in polymer
processing”, NPL Report DMM (A)167, April 1995



CMMT(A) 246

4. Materials Testing Theory Manual, publ. Moldflow Pty Ltd., January 1992,

5. Manual of “Characterising polymers for C-Mold simulations”, publ. A C Tech. Polym. Lab.,
3" edition, 1994.

6. A Luget and C S Brown : “Recommendation of a standard method for determining the
thermal conductivity of polymer melts”, unpublished interim report, September1997.

7. M Rides : “The effects of thermal conductivity and heat transfer coefficients on polymer
processing”, NPL Measurement Note, CMMT(MN)023, September 1998.

8. O M Griffin: “Heat transfer to molten polymers”, Polym. Engg. & Sci., V.12, No.2, p140,
1972.

9. D Hands : “Thermal Properties”, private communication, Rapra, 1998

10. “Thermal diffusivity standard for molten and semi-molten materials” on going DTI project at
NPL, ref. MPU8/51.4, April 1998.

ATHAS database ( website address: http://www.funnelweb.utcc.utk.edu/~athas )
12, Moldflow database (website : hitp://www.moldflow.com/)

Thermal Conductivity

13. V P Privalko and N A Rekhteta: Int. Polym. Sci. & Tech., V.15, No.10, pT/112, 1988.
14. CL Yen, HC Tseng, Y Z Wang and K H Hsieh: J Appl. Polym. Sci., V.42, p1179, 1991.
15 P Andersson and G Backstrom: J Appl. Phys., V.44, No.6, p2601, 1973.

16. P Andersson and B Sundqvist: J. polym. Sci., V.13, p243, 1975.

1. O Sandberg and G Backstrom: J. Polym. Sci., V.18, p2123, 1980.

18. S P Andersson : J Polym. Sci. part B, V.36, p1781, 1998.

19. F Oehmke and T Wiegmann : ANTEC’94, p2240, 1994.

20. F N Cogswell: Polymer Melt Rheology, publ. ] Wiley & Sons, p152, 1981.

21 P Dashora and G Gupta : Polymer, V.37, No.2, p231, 1996.

22. IM Ward: Makromol Chem., Macromol Symp., V.22, p59, 1988.

23 B H A A Van Den Brule and P J Slikkerveer: Rheol. Acta., V.29, No.3, p175, 1990.
24, J C Ramsey, A L Fricke and J A Caskey: J Appl. Polym. Sci., V.17, p1597, 1973.

25. M L Dunn, M Taya, H Hatta, T Takei and Y Nakajima : J Compos. Mat., V.27, No.15,
p1493, 1993.



CMMT(A) 246

26. R C Wetherhold and ] Wang : J Comp. Materials, V.28, No.15, pl491, 1994,

27. FLin, G S Bhatia and J D Ford : J Appl. Polym. Sci., V.49, p1901, 1993.

28. Y Agari, A Ueda and S Nagai : J Appl. Polym. Sci., V.52, p1223, 1994,

29. X Lu, G Xu, P G Hofstra and R C Bajcar: J Polym. Sci., Pt.B, V.36, p2259, 1998.
30. B H A A Van den Brule and S B G O’Brien: Rheol. Acta, V.29, p580, 1990.

31. A A M Flaman & B Veltman: Prog. & Trends in Rheo.ll, suppl. to Rheo. Acta, ed. H
Giesekus, p129, 1988.

3la. R R Kraybill : Polym. Eng. & Sci., V.21, no.3, p124, Feb 1981.
32. M J Majurey: Plast. & Rubb. Int., V.12, No.3, plll, 1977,
33, S Fesciyan and H L Frisch: J Chem. Phys., V.67, No.12, p5691, 1978.

34, S Sato, Y Yamaguchi, T Nagao and M Mukano: Kobunshi Ronbunshu, V.45, No.7, p567,
1988.

3s. V Tan: Adv. In Polym. Tech., V.11, No.1, p69, 1992.

36. S Krishnan, S V Babu, R Bowen, L P Demejo, H Osterhoudt and D S Rimai: J Adhesion,
V.42, p103, 1993.

37. Y Agari and A Ueda : J Polym. Sci., Pt.B, V.32, pS9, 1994,
38. C Mathis : TC probe, Mathis Instruments Ltd., 1997.
39. J A Foreman, S M Marcus and R L Blaine : ANTEC’94, p2156, 1994.

40. S Sato, T Kikuchi, K Kumagai and Y Oyanagi: Kobunshi Ronbunshu, V.47, No.3, p231,
1990.

41 D Hands and F Horsfall: J. Phys. E., Scientific Instruments, V.8, p687, 1975.

42. A R Vincelette, C S Guerrero, P J Carreau and P G Lafleur: Int. Polym. Process IV, V.4,
p232, 1989.

43, H Dietzel, J Schumann and K Muller: Kunststoffe German Plastics, V.81, No.12, p32, 1991.
44, J A Scott and R W Bell : J Therm. Insul. & Bldg. Envs., V.18, p146, Oct 1994,

45. B Martin, A Jeanmaire and J F Durastanti : 9® Int. Conf. On Comp. Material, ICCM-9, V.5,
p625, July 1993.

46. G D Carvatho, E Frollini and W N D Santos: J Appl. Polym. Sci., V.62, p2281, 1996.
47. S L Simon and G B McKenna: ANTEC’98, p2042, 1998.

48. S M Marcus and R L Blaine: Thermochimica Acta, V.243, p231, 1994.



CMMT(A) 246

49. I Igarashi: Nippon Gomu Kyokaishi, V.70, pt3, p115, 1997,
50. K G Coumou and K Henry : ANTEC’90, p1012, 1990.

51 R Tsukuda, S Sumimoto and T Ozawa : J Appl. Polym. Sci., V.63, pt10, p1279, 1997.

Specific Heat

52 J Grebowich, S F Lau and B Wunderlich: J Polym. Sci.., Polym. Symp., V.71, p19, 1984.
53. J Grebowich, H Suzuki and B Wunderlich : Polymer, V.26, p561, April 1985.

54. K Loufakis and B Wunderlich: Polymer, V.26, p1875, Nov. 1985.

55. U Gaur and B Wunderlich: J Phys. Chem. Ref. Data, V.10, No.1, p119, 1981

56. U Gaur and B Wunderlich: J Phys. Chem. Ref. Data, V.10, No.4, pl1051, 1981.

57. U Gaur, H C Shu, A Mehta and B Wunderlich: J Phys. Chem. Ref. Data, V.10, No.1, p89,
1981

58. M Mikhailov and I Ivanov: God. Vissh. Khim.-Tekhnol. Inst., Burgas, Bulg., V.12, pt.2,
pl41, 1978.

59. | T Hashimoto, T Sakai and T Hatakeyama: Reports on Prog. In Polym. Phy. In Japan, V.22,
p231,{1979.

60. T Samurkas and M G Rogers: Polym. Eng. & Sci., V.32, No.22, p1727, 1992,

61 I Engeln, I Boro and G Hinrichsen: Polym. Bulletin, V.11, No.3, p293, 1984.

62. P Andersson and B Sundgyvist: J. Polym. Sci., Polym. Phys. Ed., V.13, No.2, p243, 1975,
63. A Arutjunov: Plaste und Kautschuk, V.25, No.8, p469, 1978.

64. M S Mostafa and A Gaber: Ind. Journal of Pure & Appl. Phy., V.24, p493, Oct. 1986.
65 T R Johnson: ANTEC 93, p1515, 1993,

66. U Gaur and B Wunderlich: J Phys. Chem. Ref. Data, V.11, No.2, p313, 1982.

67. W Borkowetz: Kunststoffe, V.66, No.7, p434, 1976.

68. J N Hay: Polymer, V.19, p1224, Oct 1978.

69. I W Gilmour and J N Hay: Polymer, V.18, No.3, p281, 1977.

70. U Gaur, S Lau and B Wunderlich: J. Phys. Chem. Ref. Data, V.12, No.1, p91, 1983.

71. U Gaur, B B Wunderlich and B Wundertlich: J Phys. Chem. Ref. Data, V.12, No.1, p29,
1983.

10



CMMT(A) 246

72. U Gaur, S Lau, B B Wunderlich and B Wunderlich: J Phys. Chem. Ref. Data, V.12, No.1,
p65, 1983.
73. N Tsutsumi M Terao and T Kiyotsukuri: Polymer. V.34, No.1, p90, 1993.
74. L Y San: J. Rubb., Res. Inst. Malayasia, V.31, No.3, p175, 1983.
75 J Metall: Kaut U. Gummi Kunst., V.40, No.3, p228, March 1987.
76. S S Chang, E F Westrum and H G Carlson: J of Research, NBS, V.79A, No.2, p437, 1975.
77 I Okazaki and B Wunderlich : Macromolecules, V.30, p1758, 1997,
78. B Wunderlich and H Baur: Polym. Mat. Sci. & Eng., V.78, p100, 1998.
79. R Scherrenberg, V Mathot and P Steeman: J Therm. Analys., V.54, p477, 1998
80. M Pyda, A Boller, J Grebowicz, H Chuah, B V Lebedev and B Wunderlich : J Polym. Sci.
Pt.B, V.36, p2499, 1998.
81 Anon: British Plas. &Rubber, p36, Feb 1984,
82. V B F Mathot and M F J Pijpers : J. Therml. Analys., V.28, p349, 1983.
83. A Xenopoulos and B Wunderlich : Polymer, V.31, p1260, July 1990.
84. Y T Liao : ] Mat. Sci. Lett., V.10, p706, 1991.
85. Y Agari, A Ueda and S Nagai : J. Polym. Sci., Pt.B, V.33, p33, 1995.
86. A B Bashirov and A N Manukyan : Polymer Mechanic, part3, p555, 1975
S Saeki, M Tsubokawa and T Yamaguchi : Polymer, V.30, p156, Jan 1989.
88. S S Chang : J of Research, NBS, V.82, No.1, p9, 1977
J M O’Reilly, R S Stein, G Hadziioannou and G D Wignall: Polymer, V.24, p1255, 1983.
90. T Hashimoto et. al.: Reports on progress in polymer physics in Japan, V.22, p231, 1979.
91 B Hartmann and E Balizer : J Appl. Polym. Sci., V.31, p2377, 1986.
V P Privalko and G V Titov: Polym. Sci. USSR, V.21, p380, 1979.
93. Y Zhang and J Cameron : J of Reinforced Plast. & Comps, V.11, p939, August 1992.
94, B Wunderlich : Pure & Appl. Chem., V.67, no.6, p1019, 1995.
95 U Gaur and B Wunderlich, Comp. Application in Appl. Polym. Sci., p355, 1982.
96. U Gaur and B Wunderlich, 1981, vol .45, p576.

11



CMMT(A) 246

Q97 G Ceccorulli, M Pizzoli and G Pezzin: J Macromol. Sci., V. B14(4), p499, 1977.

98. S Z D Cheng and B Wunderlich : J Polym. Sci., Pt.B, V.24, p1755, 1986.

99, S Z D Cheng, S Lim, L H Judovits and B Wunderlich : Polymer, V.28, p10, Jan 1987
S Z D Cheng, R Pan and B Wunderlich : Makromol. Chem., V.189, p2443, 1988

101. JM O’Reilly : J Appl. Physics, V.48, No.10, p4043, Oct 1977.

102. E Z Fainberg: Polym. Sci. USSR, V.22, No.6, p1374, 1980.

Latent Heat

103. C Ageorges, L Ye, Y W Mai and M Hou: Composites part A, V.29A, p899, 1998.

104. K Kishore and K N Santhanalakshmi : J Polym. Sci., V.19, p2367, 1981
H D Keith and T C Loomis : J Polym. Sci., V.22, p295, 1984

106. E C Bernhardt and G Bertacchi : ANTEC’85, p158, 1985.
T I Butler, S Y Lai and R Patel : Proc. Polym. Lamin. & Coatings, Nashville, p289, 1994.
S Nakano and S Urano : European Patent, No. 95100720.2, 1990.

109. M F Edwards, P K Suvanaphen and W L Wilkinson Polym. Engg. & Sci., V.19, no.13,
p910,0ct 1979.

G Titomanlio : Polym. Engg. & Sci., V.22, No.10, p589, 1982.
K Kishore and K N Santhanalakshmi : ] Macromol. Sci.- Chem., A20(1), p23, 1983
112.  E Piorkowska and A Galeski : Polymer, V.33, No.18, p3985, 1992
E Piorkowska : J Appl. Polym. Sci., V.66, p1015, 1997.
A Benard and S G Advani : ANTEC’98, p3016, 1993.
115 S TLee, N S Ramesh and G A Campbell : ANTEC’93, p3033, 1993.
116. H Furuya, H Takatori and L E Ferguson : ANTEC’93, p3070, 1993.
117. L E Ferguson, H Takatori and H Furuya : ANTEC’93, p3080, 1993.

118. C. Hobbs and C S Brown : ‘Pressur/Volume/Temperature(PVT) Behaviour of Polymers
During Ultrafast Cooling’, NPL report no. CMMT (A163), Feb 1999.

File: simba\C\MPM1.5\mpml1.5_MIldeliverablel_v3_Dec99.doc

12



Table 1: Summary of transient thermal conductivity and diffusivity methods

5| ¥2 2 &
& g & E
v - v R
e ¢ £ E H
& & ; @
g | §F S 2
z R - «
1] ~N « S
= —_
Concentric cylinder 5% No |Measurement during flow
Transient hot wire 3% Yes |Accurate method, fragile wire
Line source probe 10% [2]| Yes |Rapid, robust method
Laser s/ S siantihery 10% No |Possible degradation at polymer surface
Forced Rayleigh scatter 10% No lesetlei to examine anisotropy of solids and flowing
Differgutial sc g cal etry 20% Yes [Poor accuracy
Radial temperature wave 10% Yes |Reference to measurement of solids only
Plane temperature wave 12% Yes
Notes:

1] Estimates of errors obtained from the literature except see [2].
2 Estimate of reproducibility obtained from the literature.

[3] “No” indicates that the method measures diffusivity o from which thermal conductivity A can be
determined using A= pC,a, where p is the density and C; the specific heat capacity. However this
introduces an additional source of error, that may be as much as 8-10% due to errors in p and C,.



TABLE 2 SUMMARY OF SPECIFIC HEAT MEASUREMENT METHODS

Method Estimated Error (1) Comments

Differential ~ Scanning . Calorimetry (DSC) and | 1% or less fast, temperature to 700°C,

Temperature ~ Modulated  Differential ~ Scanning sample weight <100 mg , pressure

Calorimetry (TMDSC) studies possible.

Differential Thermal Analysis (DTA) 5% or less equivalent to DSC, ref. material
alumina, pressure studies possible

Adibatic Calorimetry 1% or less slow, up to 330°C

Continuous heating fast calorimetry 5% _

Drop Calorimetry _ gives average value

Isothermal Calorimetry 3% works under vacuum for high

temperature testing

Plane temperature wave technique 3.5% -

Pulsed Photothermal Radiometry (Flash radiometry) - _

Heat Pulse Technique 20% s
Cryostat Thermometry 10% =
1 claimed by authors reporting their results

C\lydia\s chakravorty\summary of specific heat msmt methods table.doc



Temperature Profile During Air-Cooling (only half-thickness shown). Conditions: Air
Temperature = 18.3°C, Air Velocity = 0.61 m/sec., emissivity = 0.9. Temperature profiles are
shown in 10-second increments.
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RELATIVE THERMAL CONDUCTIVITY
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THERMAL CONDUCTIVITY, WATTS/m *C
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Results Of Questionnaire on Heat Transfer in Polymer Processing

The results reported below are the replies given by the delegates who completed the
questionnaire on July 7" 1999 at the new programme launch meeting. Twenty-two
questionnaires were filled in but not all the questions were answered by all the delegates.

1 100% believed that heat transfer is an important aspect of polymer processing
(21 responded).

2. The following reasons for obtaining good data on heat transfer were regarded as
important:

a) ensuring that degradation does not occur Yes: 67% No: 4% Maybe: 29%
(21responded).

b) ensuring uniform cooling to minimise distortion Yes:77% No: 4% Maybe 19%
(22 responded)

¢) maximising heat transfer rates to maximise production rates Yes: 100%
(20 responded)

d) Other reasons added were to improve accuracy of modelling software and to ensure
materials have the same thermal history.

3. The temperature range used for processing covered 80C to 300C, with 94% falling in the
range 130C to 280C and 60% falling in the range 130 to 250C (15 responded).

4. The pressure range used for processing covered atmospheric pressure to 210 MPa, with
86% in the range 3 to 200 MPa. (6 responded).

5. 52% of respondents processed or supplied semi-crystalline polymers and 48% amorphous
(21 responded).

6. The main materials stated as being important were:

Polypropylene 15
Polyethylene 10
PVC 9
Nylon 6
Polystyrene 6
ABS 4

Other materials included filled PP (4), PC (3), PET (3), PPE (2), PBT (2), filled nylon
(1), PVDF (1), PEEK (1) and PPO (1). It was also stated that the materials selection should
include semi-crystalline, amorphous, filled and unfilled materials.

7. 47% of respondents make use of fillers, and 53% do not (17 responded).

a) examples of fillers were calcium carbonate (5) glass fibre (2) and glass flake (2).

b) 75% of respondents thought fillers could help solve heat transfer problems

(16 responded)

¢) 58% thought that the effect of fillers on heat transfer was not well understood,
37% were uncertain and 5% thought the effect was well under stood (19
responded)



8. For 50% of respondents orientation was an important aspect in their products, for 40%

orientation was not important and for 10% it might be important (20 responded).

a) 64% thought fibre orientation could effect heat transfer and 36% thought it might (14
responded)

b) 50% thought molecular orientation could effect heat transfer 4% thought it would
not and 44 % thought it might (16 responded)

c) Nobody thought the effects of orientation on heat transfer were well understood, 69%
thought it was not well understood and 31% were uncertain (16 responded).

9. 44% used process simulation software. The following responses were given to the
question relating to their source of data:

a) materials suppliers data sheets Yes:100% ( 13 responded)
b) default values in the software Yes: 56% No: 44% ( 9 responded)
¢) by measurement Yes: 80% No: 20% ( 10 responded)
d) from the open literature Yes: 67% No: 33% ( 9 responded)
e) from Campus Yes: 57% No: 43% ( 7 responded)

Two respondents thought international standards were used in the measurement of the data
(7 responded).

10. 100% of respondents thought thermal conductivity and specific heat were significant
heat transfer parameters (19 responded). One respondent did not think latent heat of
crystallisation was significant, the rest (95 %) thought latent heat was significant. (18
responded). Other parameters that were thought to be important were diffusivity (2), heat
of reaction, viscous heating, flow rate rheology and cooling capacity of the cooling
medium.

11. Ten respondents had DSC equipment. Other equipment relevant to heat transfer
parameters was thermo-gravimetric analysis, thermo-mechanical analysis and thermal

diffusivity measurement equipment.

In the light of the feedback received the main materials to be studied in the project will be:

1|2 |3 4 5
Thermal PP | filled PP | HDPE | PVC filled PVC
Conductivity
Latent heat PP | filled PP | HDPE | nylon 6
Specific heat | PP | filled PP | PS

This plan fits the consensus view that semi-crystalline polymers, amorphous polymers, filled
and unfilled should be included. The PP filler will be calcium carbonate. The PP grades will
properly be supplied by Montell. The HPPE will probably be from Durapipe, the PVC (filled
and unfilled) from Volex , the nylon 6 from Nylacast the PS from Linpac. In addition to these
it is expected that ABS will be measured as part of a trial with Nokia mobile phones. Other
materials can be measured (up to three day’s work) at the request of paid up members of the
Polymer Processing Measurement Club. ‘
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