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Mechanical properties and creep behaviour of an atactic-polypropylene (aPP) have been studied in the vicinity of its glass transition temperature (-18ºC) via a nanoindentation platform integrated with a sub-ambient temperature capability. All low temperature tests were validated by measurements on a fused silica reference sample from 25ºC to -30ºC. The fused silica results showed virtually invariant elastic modulus with temperature over this range consistent with literature measurements by sonic resonance. Hardness and elastic modulus of aPP increased as the test temperature decreased and the amorphous regions went through the glass transition. The creep behaviour was analysed using two approaches: (i) a logarithmic method, and (ii) the Boltzmann integral method. The results showed that the creep extent decreased as the temperature was reduced, and for the time constants obtained there were upper-limit values at -10ºC, about 8ºC above the quoted glass transition temperature. The strain rate sensitivity obtained by the logarithmic method also showed a maximum at -10ºC.

Introduction

Nanoindentation enables local probing of spatial variations in mechanical properties, time-dependent behaviour, and strain rate dependence. Such knowledge of materials on a small scale is often key to their optimization for practical applications [1][2][3][4][START_REF] Beake | Nanomechanical Testing under Nonambient Conditions[END_REF]. Normally, these tests are carried out under ambient conditions that may not be close to the actual working conditions for many applications. For example, temperature can play an important role in materials properties; indeed, many mechanical properties are strongly temperature-dependent, for instance a system can operate safely at one temperature and fail when the temperature is changed [6][7][START_REF] Fox-Rabinovich | Surface &amp[END_REF][9]. To address this problem, Confidential: not for distribution. Submitted to IOP Publishing for peer review 15 September 2010 several approaches have been used to probe the surface properties of materials under their actual service conditions. For example, nanoindentation has been utilized to test polymers, metals and hard coatings at elevated temperatures [9][10][11][12][13], and the results have been correlated with the performance of coatings in extreme applications such as high speed machining.

Similarly, various engineering activities are carried out at sub-ambient temperatures, including aerospace, marine and cryo-machining applications [7,[14][15][16][17]. Materials in-service may be subjected to mechanical loading at low temperatures, for instance. For optimization of wear resistance, in particular, it is highly desirable to determine the mechanical properties under true in-service conditions. Although there are macro-scale sub-ambient temperature commercial mechanical testers [7], up until now there have been no reports of low temperature nanoindentation capability.

A popular engineering polymer, polypropylene, is in the rubbery state at room temperature. Its mechanical properties are expected to vary strongly with reducing temperature as it transforms to the glassy state [14,[START_REF] Zrida | Polymer Testing[END_REF][START_REF] Cowie | [END_REF][20], i.e. when the material passes through its glass transition temperature. Moreover, polypropylene shows temperature-dependent viscoelastic behaviour under loading. Thus its time-dependence around the glass-rubber transition temperature is also of interest in this study.

In light of the above comments, a newly-developed sub-ambient temperature capability based on the commercial NanoTest platform TM (Micro Materials Ltd. Wrexham, UK) was therefore utilized to investigate the mechanical properties and creep behaviour of polypropylene around its glass-rubber transition temperature. There are several approaches to analyzing nanoindentation creep data. For example, Bower et al. [21] employed a similitude analysis for the stress and strain field during indentation. Applying a transformation method, the stress exponent of the creep response can be obtained from the displacement-time data during the hold period. Likewise, other researchers [22][23][24][25] have analysed creep data assuming that the steady-state creep strain rate follows a power law. Of particular significance in this study, two different approaches were adopted to analyse the temperature-dependent creep behaviour of the polypropylene.

Experimental

The sub-ambient temperature measurement capability was developed and integrated with the NanoTest instrument in a manner which preserved normal sample motion and operation routines. This nanoindentation instrument employs horizontal loading as described in detail previously [26]. For sub-ambient measurements three key design changes were made: 1) environmental control, 2) cooling on the sample side, 3) cooling on the indenter side. This capability provided cooling of both the sample and the diamond indenter down to -30ºC without water vapour condensation and thermal drift problems. A reference sample (fused silica) was tested to validate this equipment. A schematic of the new system is shown in Figure 1(a). The design used the same methodology -separate thermal control of both indenter and sample to minimise/eliminate heat flow on contact -used in high-temperature nanoindentation [11,13], which has been successful in performing tests to 750ºC. The sample and diamond indenter were attached to thermoelectric coolers (Peltier elements) as shown in Figure 1(b). To eliminate condensation at sub-ambient temperatures, the whole pendulum system was enclosed in a sealed chamber, which was purged with argon gas. This reduced the water vapour concentration to 300ppm (V). The detailed system design is documented elsewhere [START_REF] Bell | ENSINGER, TECAFINE PP Data Sheet[END_REF].

The test materials were fused silica and atactic-polypropylene (aPP). The fused silica was obtained from Starna Scientific Ltd. Essex UK. Fused silica is commonly used as a nanoindentation reference material, with a Young's modulus of 72 GPa. The aPP was obtained from ENSINGER Ltd, Mid Glamorgan, UK [28] with a quoted glass transition temperature of approximately -18ºC. A Berkovich indenter was used for all tests. Indentations were load-controlled to different peak loads at various loading rates as shown in Table 1. The loading history included a hold at peak load before unloading in order to minimize the influence of viscoelastic deformation during subsequent unloading. For aPP, this hold period was set to 20s, and displacement data at constant load was collected during this period to analyse the creep response of the aPP. The Oliver and Pharr method [1] was used to extract hardness and elastic modulus values from the unloading data. Unloading rates were set equal to the loading rates. The separation distance between indentations was 35µm and each test was repeated 5 times. To study the time-dependent behaviour of aPP at different temperatures, the creep data were analysed and fitted using two approaches: (i) the logarithmic method discussed in Refs. 23 and 24, and (ii) the Boltzmann integral method discussed in Refs. [25][26][START_REF] Bell | ENSINGER, TECAFINE PP Data Sheet[END_REF] The logarithmic equation can be expressed as

+ = ∆ 1 ln L h t A d τ (1)
where ∆d and t h are the increase in depth and hold time during hold period, A and L τ are termed the extent parameter and the time constant, respectively. Equation (1) can also be expressed as the creep strain ( ) ( )

+ = = = ∆ 1 ln 0 0 L h h h t t d A t d d τ (2)
where d(t h =0) is the initial penetration depth at the beginning of the hold (creep) period, ∆d/d(t h =0) is the creep strain, A/d(t h =0) (the dimensionless fractional increase in depth during creep ) is known as the strain rate sensitivity parameter [START_REF] Chudoba | Surface &amp[END_REF].

Although only two variables -measures of extent and rate -are used to describe the visco-deformation behaviour, in practice the creep curves normally show a quasi-logarithmic form [30], thus producing an excellent fit to the raw data.. This method can be used not only for linear viscoelastic materials, but also non-linear viscoelastic materials, and with the quality of the fit it is possible to predict the creep response over a relatively long time. In the past, this method has been used for a range of polymer systems to identify changes in creep behaviour with density of cross-linking [26].

The major limitations of this method are that the equation is empirical and does not explicitly take into account differences in the time taken to reach the peak load, though the fitting parameters reflect this. It is not possible to deconvolute the particular contributions of elasticity, plasticity, viscoelasticity and visco-plasticity by this approach.

In other work [31][32][33][34][35], assuming the materials is linear viscoelastic, different combinations of springs and dashpots have been used to simulate the instantaneous elasticity, instantaneous plasticity, viscoelasticity and visco-plasticity. The creep compliance function is then deduced. The penetration depth can be calculated using the Boltzmann integral operator. This methodology has been successfully adapted by Oyen [4,[34][35][36] to simulate the whole loading and holding curve. However, a better fit required more variables, which can degrade the accuracy of the solution [36]. Compared to the logarithmic method, this needs more time and a careful selection of the initial value to make the iteration converge. In the present study, a free spring in series with a Kelvin parallel spring and dashpot element was used as the temperature effect can be studied using the time constant from the only dashpot. The background of this method is briefly described as follows.

For a conical-pyramidal indenter, the indentation depth can be expressed as

( ) ( ) - ⋅ = t du du dP u t J m t h 0 2 (3)
where h(t) is the penetration depth, m is constant, P is the load, t is the time, u is a dummy variable of integration for time and J(t) is the material's creep function. The creep function J(t) can be expressed as

( ) - - = B t c c t J τ exp 1 0 (4)
where c 0 and c 1 are the creep function coefficients, τ B is the creep time. The solved equation (3) using the creep function of equation ( 4) gives
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where t R is the loading time, 

Results

Fused silica was used as a reference sample and tested from room temperature (25ºC) down to -30ºC. To ensure isothermal contact conditions, prior to indentation the diamond was held at the specimen surface for 5 to 30s under minimal load. The recorded loading-unloading curves showed good repeatability. The elastic modulus (E) was found to be (72 ± 2) GPa over the temperature range +25 to -30ºC which agrees with the data in Ref [START_REF] Munro | Elastic Moduli Data for Polycrystalline Ceramics[END_REF] .

The hardness (H) and elastic modulus (E) results of aPP were measured at different loading rates and temperatures. Indentation tests with the highest loading rate 25mN/s (corresponding to only 2s loading time) resulted in approximately 10% higher modulus for all temperatures studied. There was no clear difference in H and E between the three slowest loading rates, 10mN/s, 2.5mN/s and 1mN/s (loading time 5s, 20s and 50s, respectively). The average values of H and E of aPP were therefore determined from these and are shown in Figure 2. It is clear that the hardness and elastic modulus increased as the testing temperature decreased. The scattering of data can be attributed to the relatively high surface roughness of aPP (Ra ~0.67 µm). To minimize the effect of the roughness, a high testing load of 50mN was used. The corresponding maximum depth was about 4000 nm, significantly higher than the Ra value.

Figure 3 illustrates a typical quasi-logarithmic creep curve. The curves obtained at all test temperatures were of this conventional, continuous form, with no discrete relaxation events such as those reported by Ngan on PE [START_REF] Li | [END_REF]. 

Discussion

Hardness and elastic modulus on aPP

The elastic modulus values for the fused silica reference sample were essentially independent of the test temperature over the range studied. This result is in agreement with studies using sonic resonance reported by NIST [30], which also show virtually invariant properties of the fused silica over this range. These results provided validation of the performance of the nanoindentation test capability to -30ºC.

Figure 2 shows that the hardness and elastic modulus of aPP exhibited the expected strong dependence on the testing temperature. The increase in H and E can be attributed to the transition of the amorphous regions in the semi-crystalline aPP from a 'rubbery' state at room temperature to a 'glassy' state as the temperature was decreased to its glass transition temperature (-18ºC). The aPP has appreciable crystallinity, and for that reason the change in the slope of elastic modulus going through the glass transition is less pronounced than it would have been for an amorphous polypropylene. In previous work by one of the authors on PET around glass transition temperature [11] it was found that the changes in elastic modulus against temperature in elevated temperature nanoindentation depended on the sample crystallinity; for the highest crystallinity PET sample at the change was smooth, whilst for lower crystallinity samples the slope changes dramatically. We attribute the lack of strong slope dependence going through glass transition temperature to the high crystallinity of this aPP sample.

The scatter in the measured H and E values of aPP (Figure 2) can be attributed to the high level of surface roughness. This effect was alleviated by employing relatively high loads (and hence penetration depths). At 50mN the maximum depth at peak load decreased from ~4800nm at 25ºC to ~3000nm at -30ºC. Tweedie et al. have recently reported that contact loading may increase the glass transition temperature, so that polymers below their bulk glass transition temperature may exhibit significantly higher than expected stiffness, particularly when the penetration depth is under 200nm [START_REF] Munro | Elastic Moduli Data for Polycrystalline Ceramics[END_REF], consistent with other reports of increasing elastic modulus on polymeric materials as the indentation depth is reduced. Brostow et al. [39,40] also found densification inside the scratching groove for polypropylene, resulting in increased hardness. Tweedie et al. suggest that the contact loading creates an interfacial region of confined molecular mobility, adjacent to the probe, either via intermolecular interactions or via stretching or alignment of macromolecular chains. Nevertheless, the contribution of this modified region to the overall mechanical response of the bulk polymer decreases with increasing contact depth. To exclude this possibility, a series of comparative indentations at the testing load 25mN was also carried out; the resultant values of E were essentially identical to those at 50mN within the experimental error. The measured increase in E at sub-ambient temperatures does not appear therefore to be overestimated due to the decreasing indentation depths at 50mN.

For a time-dependent material, it is important to compensate the creep effects on the measured H and E -such effects can be strong and have been found to give very misleading results in certain circumstances [2,[START_REF] Chudoba | Surface &amp[END_REF]. It has been suggested elsewhere that the combination of a slow loading rate, long hold period and fast unload can minimize artefacts in modulus determination on viscoelastic materials. The hold period (20s) was sufficiently long to avoid the presence of any 'nose' shape -as observed by Ngan and others for shorter holding periods [2, 24, 25, 41] -even with the slowest unloading rate of 1mN/s.

In contrast, at the highest load rate of 25mN/s, the peak load was reached in only 2 s and the resultant modulus values were about 10% higher than at the other loading rates for all temperatures. The influence of visco-deformation on the measurement of the unloading contact stiffness has been discussed in [2,[START_REF] Chudoba | Surface &amp[END_REF] and the applicability of the Feng & Ngan compliance correction equation (equation ( 6)) [2] has been investigated.
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where S is the contact compliance, S u is the elastic contact stiffness at the onset of unloading,

• h D is the indenter displacement recorded at the end of the hold period, and

• P is the unloading rate at the onset of unloading.

However, after application of this equation the calculated modulus (Ec) showed a much stronger dependence on the loading/unloading rate with a minimum in Ec at 10mN/s -about 40% less than at 1mN/s. It may be attributed to the different loading history up to the unload which resulted in the different microstructure of the time-dependent material at the onset of unload, and so the tip-sample contact stiffness S should be different [25]. The constant hardness and modulus observed on aPP for indentations at 1, 2.5 and 10mN/s suggests that the presence of the 20s hold period was effective in minimizing the influence of viscoelasticity on the measured hardness and modulus for these slower loading rates.

The higher E at 25 mN/s is a result of the smaller depth at the end of loading period (D max ). At room temperature, the maximum depth for the loading rate of 25mN/s (~4200 nm) was much less than for the other loading rates of 1 to 10mN/s (4480-4750 nm). The depth after creep for the 25 mN/s tests was extrapolated to 70s using the logarithmic equation to investigate whether the apparently higher E was simply a result of a shorter total loading time before unloading. The corresponding maximum penetration depth was about 4350 nm -considerably less than those from the tests using the slower loading rates. It is possible therefore that the indentation behaviour of polypropylene shows a more complex dependence on loading rate. It could be explained by an increase in yield strength of polypropylene with the strain rate [START_REF] Zrida | Polymer Testing[END_REF]. Thus extra energy could be required for plastic deformation during indentation. Similar behaviour has been observed in uniaxial PET [42].

Creep analysis

As described in the Experimental section, the creep behaviour was studied using the logarithmic method and Boltzmann integral method. All hold periods were fitted well using the logarithmic equation as shown in Figure 3.

The variation in the creep extent parameter (A) with temperature from indentations with a loading time of 20s is shown in Figure 5. The dimensionless parameter (A/d(t h =0)) has been considered as a measure of stain rate sensitivity [36], which enables meaningful comparisons of different testing conditions. Our results are shown in Figure 6.a. It can be seen that the value of A/d(t h =0) is between 0.028 and 0.032 over the entire temperature range, with the highest A/d(t h =0) at -10ºC . The creep time constant (τ L ) from the loading time 20s has been plotted against the testing temperatures in Figure 6.b. It is clear that there is also a maximum τ L value at -10ºC.

It has been shown previously that the actual time to reach the maximum load influences the creep kinetics dramatically [30]. When a constant loading rate was considered for each particular temperature, it was found that τ L increased with increased loading rate, exhibiting a power law relationship as shown in Figure 7.

Clearly, the correlation coefficient (and Figure 3) indicates that the experimental creep data is extremely well described by the logarithmic equation. The fitted creep extent parameter, A, decreased with decreasing the test temperature. The dimensionless creep strain sensitivity, A/d(t h =0), and the creep time constant, τ L , showed upper-limit values appearing at -10ºC. At the same time, the creep time constant, τ L , showed a power law relationship with the loading time.

The creep data has also been fitted using the Boltzmann integral method. The adjusted square of the correlation coefficient (R 2 ) is shown in Figure 8. We can see that the quality of fit is improved upon decreasing the loading rate.

As shown in Figure 9.a, the time constant (τ B ) also reached a maximum at -10ºC. This indicated that both methods are effective for revealing the effect of glass transition on creep. The time constant also strongly depended on the loading rates. Figure 9.b shows that the time constant (τ B ) at -10ºC exhibited a power-law relationship with the loading rates, which agrees with the founding using the logarithmic method (Figure 7).

The fitted variables c 0 ' and c 1 ' are shown in Figures 10.a and 10.b. We can see that c 0 ' decreases with the temperature. As c 0 ' is proportional to the instantaneous elasticity, this is consistent with the measured E (Figure 2) increasing as the temperature decreases. The creep extent (c 1 ') showed strong dependence on temperature and loading rate, consistent with the fitted creep extent (A) in Figure 5 obtained using the logarithmic equation. More creep occurred for higher loading rates and temperature.

The creep mechanism in polymers is explained by the Eyring theory as proposed by Berthoud et al. and Tweedie et al. [43,44]. For a creep event to occur, the polymer chains must overcome a potential barrier by thermal activation at a particular reaction rate. At higher temperatures, the thermal barrier is easier to be overcome and thus the movement of the polymer chains, such as translation and rotation becomes easier than at lower temperatures. Therefore, the creep extent parameter (c 1 ) would be expected to decrease with a decrease in testing temperature. As the variable (c 1 ') is proportional to c 1 , it decreases with decreasing temperature as shown in Figure 10.b.

We assume that the creep extent (c 1 ) obeys an Arrhenius relationship:

- = RT Q k extent creep exp _ ( 7 
)
where k is constant, R is the gas constant, T is the Kelvin temperature and Q is the activation energy. After taking logarithms, the activation energy Q B (Boltzmann integral method) can be obtained from the slope (-Q/R) of the ln(c') vs. 1/T curve as shown in Figure 11. The calculated Q B is 11.0±2.9kJ/mol.

As shown in Figures 6 and9.a, in the temperature range considered there were maximum values of A/d(t h =0) and τ L using the logarithmic method, and τ B for the Boltzmann integral method, at -10ºC. In reference [43], the creep stain sensitivity (A/d(t h =0)) for a range of amorphous and semi-crystalline polymers was related to the difference between their glass transition (Tg) and testing temperatures. Similarly for the present work, these parameters indicate a property change around Tg.

Although we have only performed nanoindentation measurements at 10ºC intervals and cannot resolve the exact temperature at which peak values of A/d(t h =0), τ L and τ B occur, it is notable that the temperature at which we have determined peak values of these parameters, -10ºC, is 8ºC above the supplier quoted T g (-18ºC) of the studied aPP. As described in reference [START_REF] Cowie | [END_REF], reported glass transition temperatures for polypropylene are influenced by a wide range of factors, such as sample tacticity, sample crystallinity and chain length, as well as the measurement technique used. In Dynamic Mechanical Analysis measurements (DMA), the peak in tan delta is typically offset to a few degrees higher than the T g determined from the inflexion point in the storage modulus versus temperature graph [6,30]. It has been suggested previously that, based on previous ambient and elevated temperature measurements on semi-crystalline and amorphous polymers, changes in A/d(t h =0) are correlated with changes in the tan delta peak [12]. It is notable that the offset in A/d(t h =0) (and the time constants) from the glass transition appears the same (typically ~8-10ºC) for elevated temperature, ambient temperature and sub-ambient nanoindentation measurements for a wide range of polymers.

The peak value of creep parameters at glass transition temperature indicated different creep mechanisms which have been proposed in references [12,45] correlating the creep rate behaviour with the difference between T g and the testing temperature (y = Tg-T). When the testing temperature is higher than T g , the free volume mechanism of creep was implicated as there is more free volume available for molecular motions [6,45,46]. At lower temperatures (e.g. for y>50ºC) brittleness and crack propagation are likely to be the dominant mechanisms of creep [43]. It was suggested that around the T g , these two creep mechanisms could be weak resulting in the increase in the creep time. Whatever the mechanism, it is clear that the indentation creep kineticsboth extent and rate -subtly vary in the vicinity of the glass transition. The measured hardness from unloading curve analysis is slightly lower than expected at -10ºC (Figure 2) and this appears to be consistent with the comparatively enhanced creep at this temperature.

The peak values of A/d(t h =0) and τ L for the logarithmic method at -10ºC are about 9% and 16% higher, respectively, than the average of the others. The greater increase in τ L is consistent with the data in [9] that the parameter τ L was more sensitive than A/d(t h =0) to changes in the glass transition region. As mentioned above, the average value of τ L from all the tested temperatures can be fitted well to a power law relationship vs. loading time. This agrees with the finding [12] that the power law fit for aPP is a better fit than a linear relationship and it is not possible to determine a measurable creep cut-off time from the indentation measurements.

Conclusions

The hardness and elastic modulus of atactic-polyprolythene increased as the testing temperature decreased through the glass transition range and the polymer changed from rubbery to glassy. A temperature reduction of -55ºC from room temperature led to a change of about 100% and 150% increments for hardness and elastic modulus, respectively.

The indentation creep behaviour of atactic-polyprolythene can be fitted well using both the logarithmic method and the Boltzmann integral method.

The creep extent (A and c 1 ') decreased with decreasing test temperature. The time constants (τ L and τ B ) increased with the loading time with a power-law relationship.

A/d(t h =0), τ L and τ B indicated a creep rate change at -10ºC, which is around the glass transition temperature.

The fit for the Boltzmann integral method was better at lower loading rates. 
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 4 Figure 4.a shows typical creep curves at different temperatures after constant loading at a rate of 25mN/s. It can be seen that the initial depth produced before the hold period was reduced upon decreasing the temperature. The creep depth measured at different conditions (temperature and loading rate) is shown in Figure 4.b. It can be seen that the total creep depth during the hold period decreased with decreasing temperature and loading rate.
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 138 Figure 1 (a) NanoTest pendulum assembly and specimen stage with environmental enclosure; (b) Peltier cooling stages on sample and indenter Figure 2 Averaged hardness and elastic modulus of aPP tested at different temperatures Figure 3 Superimposed experimental creep data and logarithmic expression. Testing conditions: (i) load 50mN, (ii) loading rate 25mN/s, (iii) temperature -10ºC; Fitting parameters: A=97.47nm, B=5.46s -1 ; d(t h =0)=3088.1nm Figure 4 (a) Illustrative penetration depth during hold period for the loading rate=25mN/s; (b) Increase of penetration depth during hold period at different testing temperatures Figure 5 Creep extent parameter (A) vs. test temperature fitted using logarithmic equation
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Table 1 Nanoindentation test conditions

 1 

	No. Sample	Peak Load (mN)	Loading rate (mN/s)	Loading time (s)	Hold period (s)	Temperatures (ºC)
	1	FS	100	5	20	5	
	2 3 4	aPP aPP aPP	50 50 50	25 10 2.5	2 5 20	20 20 20	RT (25), 0, -10, -20, -30
	5	aPP	50	1	50	20	
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