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Non-brownian suspensions: frequency-dependent irreversibility threshold
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1.Introduction
Concentrated suspensions are found in many engineering applications and understanding their rheological behaviour is often of fundamental importance. Dense particle suspensions in a Newtonian fluid are known to display a rich variety of rheologies, such as shear thickening/thinning, yielding, thixotropy, etc. [1-3]. These complex rheological behaviours are strongly affected by the details of the underlying microstructure, which is intimately related to various hydrodynamic/interparticle interactions, including e.g. lubrication, Brownian, electrostatic, van der Waals and contact forces [4].
Even the simplest suspensions made by non-Brownian particles suspended in a density matching Newtonian fluid, while exhibiting a Newtonian behavior in steady shear flow (SS), show a very rich rheology under oscillatory shear (OS) as the flow irreversibility, which induces a stochastic diffusion of particles [5], the transition towards an absorbing state [6, 7] and the microstructure reorganization at large accumulated strains [8, 9]. All these fundamental behaviors can be predicted using very few ingredients in the equation of motion that are in order: hydrodynamic forces, including lubrication, and hard sphere interactions. 
These simple forces do not possess a characteristic time, or stress, scale and so their amplitude is proportional to the driving hydrodynamics force, thus the system and all its material functions result rate independent [10]. So far, in OS the microstructure has been considered strain history dependent and, both in OS and SS, strain rate history independent.
However, recent experiments challenge this assumption and demonstrate a frequency-dependent rheology in the absence of any rate-dependence in SS [11, 12]. The authors demonstrated that in OS the only parameter on which everything depends is the maximum shear rate (the product of angular frequency and strain amplitude). This finding is rather fundamental as it changes the understanding of the physics behind the simplest non-Colloidal Newtonian suspension. Ge, et al. [13] proved that the addition of the weak Van der Waals attractive forces to the equation of motion was enough to predict the rate dependence in OS while keeping the SS rate independent, as experimentally shown by Martone, et al. [11]. Ge, et al. [13] also showed that though the Van der Waals forces are always negligible with respect to the hydrodynamic forces or the lubrication ones or the forces deriving from the particle interactions they are able to mediate the microstructure evolution under oscillatory flow in such a way that the frequency plays a role in the predicted dynamics. In particular, Ge, et al. [13] confirmed that everything scales with the maximum shear rate, moreover their numerical predictions were in good agreement with the experimental data of [11]. 
Most interestingly Ge, et al. [13] also focused on the transition to irreversibility on Newtonian non-Brownian suspensions when the van der Waals (vdW) forces are added to the equation of motion. The classical equation of motion without the vdW forces were already able to predict the transition to an irreversible regime when the applied strain amplitude overcomes a critical value function of the particle volume fraction only. For values larger than the critical threshold the system enters an irreversible, eventually chaotic, regime dominated by particle collisions. For values smaller than the critical threshold the system under OS enters an adsorbing state where the particles rearrange so to give rise to a microstructure where particles collisions are minimised or absent. This regime is reversible, i.e., when the flow is reverted each streamline is retraced. Ge, et al. [13] also showed the existence of a new critical strain amplitude, marking a new threshold of irreversibility, which depends on the frequency. In this case for strain amplitudes greater than this new critical strain amplitude, the system enters the reversible adsorbing state in which particles auto-distribute to avoid collisions, for values below it, the behaviour is irreversible with particles that form clusters where they continue colliding.
In this paper we experimentally study the existence of this frequency-dependent critical strain amplitude on a concentrated suspension focusing on two characteristic angular frequencies. We designed the experiments so to be able to catch this transition and by running the time sweep oscillatory shear tests at different imposed strain amplitudes for each angular frequency. The evolution in time of the complex viscosity was then interpolated with the classical law for the critical transitions, a hyperbolic/exponential decay. The divergence of characteristic time to reach the regime, t, identifies the transition to the irreversible regime.
In the following we first describe the experimental protocol and results obtained, then discuss the modelling to identify the critical transition and finally draw our conclusions.

2. Materials and Methods
The suspension studied consists of hollow glass spheres suspended in a Newtonian PIB at a volume fraction of 40%. The microspheres are the Sphericel-110P8 of Potter Industries LLC with sphericity 1 and nominal density of 1.1 g/cm3. The particle distribution function reported [11] was obtained with a laser granulometer, Mastersizer 3000 (Malven). The average volumetric diameter resulted of 15.4 m.
The suspension matrix is a Newtonian fluid, Poly-isobutene (PIB), Insopol-grade H50 from INEOS, with measured viscosity of 10.9 Pa s at 21.2°C and nominal density of 0.884 g/cm3 [11].
The suspensions are prepared by manually mixing the miscrospheres and the PIB until a homogeneous milky sample is obtained. The sample is the placed under vacuum overnight to remove most of the air bubbles entrapped in the suspension.
Before running each time sweep oscillatory shear test, the sample is preconditioned with a steady preshear at  = 3s-1 for 500s such that the preshaer steady viscosity resulted always the same (69,68 Pa s) with an experimental error of about 10%. Thi allows us concluding that the preshear is able to erase any history of deformation of the sample and let the OS experiments to start always from a similar initial microstructure.
The time sweep oscillatory tests were carried out with a strain-controlled rheometer, ARES-G2 (TA Instruments), equipped with a cone and plate geometry, with a diameter of 25 mm and a cone angle of 6.36°. A sinusoidal strain is imposed, , with strain amplitudes  ranging from 0.5% and 50% and two different angular frequencies, , equal to 5 and 50 rad/s.
The steady rheology of the suspension is Newtonian, and it was analysed in depth together with all the possible artifacts like wall slip, particle sedimentation, particle inertia and flow instabilities that may affect the data in [11, 14]. It was possible to conclude that none of these artifacts had effects on our data.
The complex viscosity was then followed in time since the very first instant until a regime vale was obtained. Our experiments always lasted a time necessary to reach an accumulated strain of 8000, that in the literature [8, 9] is considered enough to attain the final regime. The accumulated strain  is:
		(1)
where is the number of cycles in oscillatory shear. This parameter quantifies the strain history of the sample.
3. Results and discussion
The results in terms of relative complex viscosity , with  the viscosity of the suspension matrix, are shown in Figure 1 as a function of the accumulated strain, . Data are plotted parametric in the strain amplitude and each panel is dedicated to a frequency. The results clearly show that the evolution of the complex viscosity has different trends as a function of the applied strain amplitude, going from an increasing trend to a decreasing on by increasing the strain amplitudes. Non-monotonous trend are also measured in between the two monotonous behaviours. 
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[bookmark: _Ref98845837]Figure 1 - Relative complex viscosity  vs the total accumulated strain  parametric in the strain amplitude: at 5 rad/s (a), and 50 rad/s (b).
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[bookmark: _Ref98845901]Figure 2 - Plateau values of the normalized complex viscosity  vs maximum shear rate . Data (circles) are taken at 5 rad/s (blue) and 50 rad/s (yellow).

In Figure 2 we plotted the results in terms of , the complex viscosity normalized with the steady preshear viscosity, : . The normalized viscosities at regime , are plotted as a function the maximum shear rate, , in agreement to what suggested by [11]. The data reasonably collapse on a single master curve, especially at the highest maximum shear rates. 
In order to estimate the time required to reach the regime, , the complex viscosity vs. time plots were interpolated with the decay characteristic of critical phenomena [6]:

		(2)

In Figure 3 we show the time evolution of the complex viscosity at  = 4% for the two angular frequencies. The data clearly show how both the regime value, and the entire transient are function of the applied frequency. The data are interpolated with equation 2 and the interpolating function is also shown in Figure 3. The accuracy of the interpolation is clearly appreciable in the Figure, and we always got a correlation coefficient R2>0.99.
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[bookmark: _Ref98845958]Figure 3 - Evolution of complex viscosity  with . For the applied deformation amplitude equal to 4%. Data (circles) are taken at 5 rad/s (blue) and 50 rad/s (yellow).
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[bookmark: _Ref98846040]Figure 4 - Evolution of the time variable  as a function of . For ω= 5 rad/s (blue circles), ω = 10rad/s (yellow circles) and ω=50 rad/s (green circles). Representation of the interpolating curve (gray).

The characteristic times, , are plotted vs. the maximum shear rate in Figure 4. A divergence of the characteristic time, marking the transition to the adsorbing state, can be guessed for . between 0.1 and 0.2. To better estimate the critical value of the transition we interpolated the data with eq. (3) as suggested by [6]:

		(3)
where  is the critical maximum shear rate above which the system enters the adsorbing satte and below which the system enters the irreversible collisional regime. The interpolation is also shown in Figure 4.
The interpolation parameters are reported Table 1. The correlation coefficient R2 resulted larger than 0.99 and the critical maximum shear rate, , equal to 0.14. This implies that the critical strain amplitude is inversely proportional to the frequency:

		(4)

[bookmark: _Ref98842136]Table 1 – The interpolation parameters of the interpolation of the times. In this case the value of R2 is 0.998661. 
	
	Estimate
	Standard Error

	k
	2.56 103
	4.6 102

	
	0.139
	0.050

	
	-0,765
	0,134



4. Conclusions
In our work we confirmed that a non-Brownian Newtonian suspension is rate dependent in oscillatory shear while remaining rate independent in steady shear. Most interestingly, in agreement with Ge, et al. [13], we individuated the new critical transition towards the adsorbing state marked by a critical strain amplitude inversely proportional to the frequency. In Figure 5, we added to the data already shown in Figure 2 a vertical line in correspondence of  = 0.14 which intersects the viscosity data at a value very close to =1. This suggests that when the system is in the adsorbing state, for  the regime complex viscosity is smaller than the preshear one, and the microstructure is somehow dilated so to limit the particles collisions; while  the regime complex viscosity is larger than the preshear one and the microstructure rearrange in a crystal-like state where particles continue colliding.
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[bookmark: _Ref98846857]Figure 5 - Plateau values of the normalized complex viscosity  vs maximum shear rate . Data (circles) are taken at 5 rad/s (blue) and 50 rad/s (yellow). The red line represents the interpolation value of . The gray line serves to guide the eye and represents a hypothetical trend of the interpolating curve. The green line defines the corresponding value of the normalized complex viscosity  to .	 
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