
Introduction

Nitrocellulose is a well known material which has been

studied for a long time [1]. Some of these investiga-

tions consider porosity [2, 3], while others inquire pa-

rameters as melting enthalpy [4], or decomposition be-

haviour [5, 6]. Nitrocellulose (NC) has a chain-like

structure and therefore it shows behaviour that is simi-

lar to (other) more general polymers. This means that

NC should exhibit certain relaxation transitions during

heating. From literature [7] it is known that NC dis-

plays several small relaxation steps, rather than one

large relaxation process, known as the glass transition

temperature (Tg), like with other polymers. At least

two, but possibly three relaxation processes are known

to exist in NC, entitled � and � (and possibly �). These

relaxation processes occur approximately around

40, –35 and –80°C, respectively, but are influenced by

the presence of plasticizers [8]. The spread in these

temperatures can be quite large. Also the existence of

the � process is questionable and sometimes the transi-

tion was attributed to residual solvent in the system.

As a part of a surveillance program for the MoD

in the Netherlands it is important to have knowledge of

the mechanical behaviour of NC-based gun powders.

A change in composition of these materials (like chain

scissioning caused by ageing phenomena) can be rec-

ognized in an early state by measuring the mechanical

properties, and therefore be of great interest during

safe storage and use of solid propellants. In Fig. 1 some

examples are shown of aged NC grains. A decrease in

mechanical integrity of NC grains can result in an in-

crease in fracturing during firing which leads to a sig-

nificant rise in pressure build-up. A typical example of

this fracturing behaviour can be seen in Fig. 2.

The shortening of the chains could result in a

change in one of the transitions. However, it is neces-

sary to be able to measure these transitions by a

method that is accurate enough to see small changes

in these transitions. Several methods are available to

measure relaxation processes:

• differential scanning calorimetry (DSC)

• thermal mechanical analysis (TMA)

• dynamic mechanical analysis (DMA)

Each of these techniques has its own characteris-

tic parameters which should be taken into account. In

all of these techniques, sample preparation is of great

importance for an accurate measurement.
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Fig. 1 Several ageing phenomena of NC grains

Fig. 2 Ageing of NC grains, leading to an increasing grain

fracture during firing
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Experimental

In order to measure the relaxation transitions of single

base NC propellant an attempt was made to measure

this material with DSC, TMA and DMA. The exact

composition of the propellant that was used in these

measurements was confidential, but it consisted mainly

of pure NC. An overview of the parameters used dur-

ing these experiments is given in Table 1.

The problem that occurred during this investiga-

tion was in all cases the fact that the material was very

rigid, so cutting with a knife would be difficult. At the

same time, it appeared to be somewhat dangerous to

simply saw it as an alternative. The material had to be

subjected to a high load in order to be able to machine

it, but the load could not be too large because of the

energetic nature of the material. Also the amount of

heat that would be subjected to the sample during

machining could either ignite the material or cause

thermal alterations in the molecular structure, prior to

testing. Using a remote controlled sawing machine

would be too laborious, by reason of the large number

of different types of propellants to measure.

In spite of these restrictions in sample prepara-

tion, an attempt was made to scrape some material off

of a grain with a scalpel. Special care was taken of the

graphite layer on the outside of the grain, by taking as

much NC material as possible and as little graphite as

possible. This amount (3 mg) was measured with

DSC. Subsequently an amount of three grains was

milled in a grinding machine and sieved to a particle

size of less than 500 �m. This fraction was then also

measured with DSC after the powder was pressed by

hand into an aluminium light cup. Also DSC

measurements with a relatively high heating rate

(20°C min–1) were performed, as well as measure-

ments with a relatively large quantity of material

(18.5 mg), both using the method mentioned above.

For DMA measurements NC grains were milled

for a very short time (1 s), which resulted in irregularly

shaped samples, approximately 3 mm in size. These

kinds of samples are not useful to measure the exact

shear modulus of this material, but it should be possible

to measure the change in modulus as a function of tem-

perature and therefore to measure relaxation processes.

Preliminary to the actual temperature scans, a displace-

ment scan was performed in order to be able to deter-

mine the (quasi) linear behaviour of this NC powder.

Using the same method as mentioned above,

samples are manufactured for TMA measurements. In

these experiments change in geometry was measured

as a function of temperature, from which certain

transitions could be derived.

Results and discussion

The results of the measurements are summarized in

Tables 2 and 3. In these tables several transitions are

described, as well as the method of determination of

these transitions.
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Table 1 Overview of all thermal (mechanical) experiments

DSC TMA DMA

Equipment Mettler DSC 822e Mettler TMA/SDTA 841e Mettler DMA/SDTA 861e

Temperature range/°C –150�100 –120�100 –120�100

Heating rate/°C min–1 10 and 20 5 2

Atmosphere N2 n. a. n. a.

Flow rate/mL min–1 50 n. a. n. a.

Cups aluminium n. a. n. a.

Mass/mg 3–19 n. a. n. a.

Type of load n. a. ballpoint probe shear

Force (amplitude)/N n. a. 1 6

Displacement amplitude/�m n. a. n. a. 1

Frequency/Hz n. a. n. a. 1

Table 2 Results of DSC measurements of transitions of NC

Preliminary treatment Trans./°C Method Trans./°C Method Trans./°C Method

Scraping – – – – 50 peak

Milling and sieving – – 14 onset 55 extrap.

High � –74 inflect. 29 onset 60 peak

Large quantity – – –4 onset 57 peak

extrap. – extrapolated peak, inflect. – inflection point, trans. – transition



The curves of the DSC measurements are

presented in Fig. 3. In these curves, as well as in

Table 2 it can be seen that in general the choice of

determination of the transition is a peak or an onset

temperature. Obviously a relaxation step measured by

DSC is represented by a step in the baseline, rather

than a peak or an onset temperature. However, in this

case the baseline is increasing above 50°C,

indicating a (beginning of a) process around these

temperatures, which is interfering with the possible

relaxation step in this region. For measurements that

are a part of a surveillance program it is not a matter

of knowing the exact temperature of a relaxation

process, but it is necessary to be able to see a change

in temperature at which a certain event is taking place

(like a glass transition). This is the reason why in this

case more distinctive indications like peak and/or on-

set temperatures are used.

In Table 3 the results of the TMA and DMA mea-

surements are summarized. Like stated earlier in this

paper, preliminary to the DMA temperature scans, a

displacement amplitude scan was performed to deter-

mine the (quasi) linear behaviour of this material. The

resulting curve is shown in Fig. 4.

From the displacement amplitude scan in Fig. 4

it can be seen that this material shows (quasi) linear

behaviour until 1.5 �m. From this result, maximum

displacement amplitude of 1 �m was set for the DMA

temperature scans (Table 1).

A typical DMA curve is represented in Fig. 5. In

this figure the storage modulus (G’), loss modulus (G’’)

and tan� are plotted vs. the sample temperature. A relax-

ation transition should be visible in these curves as a

step in the G’ curve, accompanied by a peak in the G’’

curve. Since tan� is by definition equal to G’/G’’, a peak

in the tan� curve should also indicate a relaxation be-

haviour. A step in the G’ curve is only explicitly appar-

ent above 20°C. Still, even this step is only visible as a

gradually process over a broad temperature range and

the whole step is not completed during the total temper-

ature frame of this experiment. More clearly are the two

peaks in the G’’ curve, however the one at low tempera-

tures is not suitable for an accurate determination, be-

cause of the relatively high noise levels. Because the

processes are so gradually, also in the tan� curve, no ac-

curate determination of the temperatures at which the re-

laxation takes place can be made from this curve.

TMA curve in Fig. 7 is accomplished by taking the

original TMA measurement curve and connecting the

first and last point of this curve by a ‘baseline’, as can be

seen in Fig. 6. By subtracting this baseline from the

original curve a new curve is derived, which shows the

behaviour of the material, without the influence of ther-
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Table 3 Results of mechanical measurements of transitions of NC

Applic. Pretreatment Trans./°C Method Trans./°C Method Trans./°C Method Trans./°C Method

DMA Short milling – – –54 extrap. – – 42 peak

TMA Short milling –74 onset –39 onset –17 onset 56 onset

extrap. – extrapolated peak, trans. – transition

Fig. 3 DSC measurements on NC with different type of sam-

ple preparation

Fig. 4 Displacement amplitude scan of NC powder

Fig. 5 Typical DMA plot of NC powder



mal expansion. In this way the changes in slope are seen

in a much more pronounced way than in the case of a

plot of the expansion coefficient as a function of temper-

ature. In such a curve secondary relaxation processes are

visible as a variation in slope, determined by the onset

temperatures of which the results can be seen in Table 3.

In the low temperature region (Fig. 7) very small

undulations of the curve are visible. In fact these undu-

lations are too small to attribute them to relaxation pro-

cesses, considering the fact that it concerns a curve

which shows extreme magnifications of thermal (me-

chanical) effects. Compared to the values found for the

relaxation processes in the literature [7] and to the val-

ues presented in this paper, the presence of a transition

at –17°C seems to be questionable. Further work is

necessary to investigate this effect.

Conclusions

From the tables reporting the found transitions it can be

concluded that there is a large spread in the results. Ob-

viously there are also large differences between the

methods that are used for sample preparation and mea-

surements. From the curves it appears that the transi-

tions are very weak and difficult to determine. This

would result in a relatively inaccurate measurement of

these transitions, so it is questionable whether any of

these methods is useful for a surveillance program. The

worst results seem to come from DSC measurements.

These experiments give only very gradually changing

curves, making it almost impossible to produce repre-

sentative values for transition temperatures. This could

be explained by the insufficient contact between the

hard NC material and the pan. Also the DMA results

show no distinct transitions, even while this technique

is known to provide information about the smallest of

transitions. A reason for this could be that the used

measurement mode (shear) is not suitable for these

kinds of materials. Possibly three-point-bending or

cantilever is a better option. It appears that the TMA

measurements give the best results out of these three

techniques, although a subtraction of the baseline is

necessary to visualize distinct changes in the curve.

The found values for the different transitions are only

partly in accordance with those found in literature.

Still, the supposed transition at low temperatures

(around –80°C) is found with two out of three

techniques used in this investigation.
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Fig. 6 TMA plot of NC powder and a baseline

Fig. 7 TMA plot of NC powder, original curve subtracted

from baseline



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002000d>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002000d>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>
    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e000d>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


