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Lubrication

5-6 % of gross national product is lost! (5 % of 75 T$)

Extremely thin liquid films ==> Boundary effects



Surface Slip
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b = v(0)
�v(z)
�z

�1

Slip length:

True slip:

• Very high shear rates ( > 109 s-1 for water)

• Roughness of the solid boundary differs vastly from the liquid molecules’ size 
(molecules get trapped in pits of the surface)



Surface Slip
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b = v(0)
�v(z)
�z

�1

Apparent Slip:

• Structural changes of the 
liquid near the surface 
(molecular ordering)

• Formation of a depletion 
layer

• Dynamical change near the 
surface (Shark skin effect)

V

b

Slip length:



Experimental Methodes
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Capillary techniques 
(P. Debey et al., J. Appl. Phys., 30 843 (1959)) 

Fluorescent recovery after photobleaching (FRAP) 
(R. Pit et al., Phys. Rev. Lett., 85 980 (2000)) 
Surface force aparatus (SFA) 

(Y. Zhu et al., Phys. Rev. Lett., 87 96105 (2001)) 
Atomic force microscopy (AFM) 

(V. Craig et al., Phys. Rev. Lett., 87 054504 (2001) 
Quartz crystal resonators 

(F. Ferrante et al., J. Appl. Phys., 76 3448 (1994)) 

Other techniques: 
Spinning disks, rotating cylinders, droplets moving down an inclined surface, 

particle sedimentation, excitation of surface waves 

more engineering type of measurements: 

Tribometer…



The challenge
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All indirect techniques! 

Direct probe for the solid-liquid boundary with atomic resolution! 

Neutrons with high penetration power and sensitivity to light 
elements are such a probe.



T

Model system - Pluronics

PEO hydrophilic PEO hydrophilicPPO hydrophobic

MicelleUnimer Crystal

Solved in water (deuterated for the scattering experiments)
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Phase diagram

FIG. 2. Phase diagram of F127 solved in water.7

C. Scattering geometry

We chose a setting that highlights the Bragg sheet and the first order Bragg peak. This

led to an angle of incident of # = 0.6� and a bandwidth range from 2.3 - 5.3 Å.

The sample detector distance L1 was set with 1.28m The distance from the pulse on

target L2 to the sample is 13.6m.

It is worth mentioning that at Ref-L the beam has a declination of 4� downwards out of

the choppers. To get the neutron beam through the silicon surface means therefore tilting

the rheometer 4.6�. After consulting Anton Paar, it was assured that the functionality of

the rheometer is not a↵ected by the tilt.

5

G. Wanka et al., Macromolecules 27, 4145 (1994).
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Reflectivity measurement
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Transmission SANS
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Gracing incidence geometry
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Grazing incidence scattering
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ΔQx ~ 10-5 Å-1  
 ⇔ ~ 65 µm

ΔQy ~ 4*10-3 Å-1    
⇔ ~ 150 nm

ΔQz ~ 7*10-4 Å-1   
 ⇔ ~ 850 nm

M. Wolff et al.,
Euro. Phys. J. E 16, 141 
(2005).
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Micellar phase
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Attractive interface Repulsive interface

⇒  In-plane liquid like, out-of-plane tendency of layering
M. Wolff et al., Phys.Rev. Lett. 92, 255501 (2004).
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Penetration depth

Depth-sensitive time-of-flight small-angle 
neutron scattering

Surface effects in liquids and polymers gain enormous in importance with decreasing size of mechanic components and 
biological applications. A detailed knowledge of the solid-liquid boundary condition leads to the development of smart 
coatings, e.g. self cleaning surfaces, and is an important ingredient for the understanding of the folding of proteins in the 
vicinity of cell membranes.
The goal of this work is to extract the near-surface structure of polymer micelles close to interfaces with different surface 
energies. We have used Pluronic F127 ((C2H4O)99-(C3H6O)65-(C2H4O)99), dissolved to 20% in deuterated water. The polymer 
micelles forming in the solution have been investigated with the instrument Sans2D at ISIS (England). A wavelength spread 
was used (wavelength spectrum: approx. 1.5 - 16 Å) at a fixed angle of incidence allowing a variable penetration depth of 
the neutrons into the liquid. We report on the depth resolved structure of the polymer micelles, which shows a pronounced 
dependency on the surface energy of the solid boundary.

Refractive index and penetration depth

J. Herbel1, A. Dennison1,2, S. Rogers3, M. Wolff1

1Division of Material Physics, Department of Physics and Astronomy, Uppsala University, Sweden
2Large Scale Structures, Institut Laue-Langevin, Grenoble, France

3ISIS, Rutherford Appleton Laboratory, Didcot, UK
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Penetration depth d1/e:

7 nm ≤ d1/e ≤ 53 μm, at λ ≈ 4.2 Å: total reflection.

The scattering geometry

i

Liquid

Silicon

x

y

z

PSD θi = 0.3°

q-range / Å-1:
|qy| ≤ 0.15
|qz| ≤ 0.15 

|qx|  ≤ 0.06

Measurement at T = 25 °C

Measurement at T = 21.8 °C

No crystalline 
order at all.

Mean inter-micelle distance dmean:

Plotted data was 
gained by includ-
ing the whole 

λ-spectrum.

Perpendicular to the sample surface
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Time of flight - GISANS

Data from RefSANS (FRM-II)
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Depth sensitivity (SANS-2D)
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M. Wolff et al., J. Appl. Cryst., 47, 130 (2014).



In-situ rheology - constant shear rate
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Rocking curve for different shear 
rates:

Commercial rheometer mounted on 
the sample stage of V6 (HMI).
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Reconstruction

Reconstruction time: Hydrophilic: 5 h Hydrophobic: 2 h

M. Wolff et al., Langmuir 24(20), 11331 (2008).
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In situ-rheology - oscillatory shear
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In situ-shear neutron reflectometry:

Peltier element for
temperature control

Temperature range:  15 - 160 °C

M. Wolff et al., J. Appl. Cryst., 46, 1729 (2013).
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Oscillatory shear
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How is it done?

Save data in absolute time

GPS time signal

Fiber optic wires

Rheometer

Sample

Detector Pulsed source
L2

L1
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Time slicing
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FIG. 5. During analysis the data is rebinned in time. The figure depicts an example of the

integration into ten time channels during one duty cycle of the rheometer together with a smoother

histogramming using 50 time slots (small insert at the bottom right).

The summarized results for 1 Hz 5000 % and 1 Hz 100 % are depicted in Figure 7 and Figure

8. For 1 Hz and 5000 % deformation, the intensity of the Bragg reflection clearly follows

the periodic excitation. It can be seen that the intensity decreased during the application of

high shear rates (maximum slope in the deformation) and reorganizes during periods of low

shear. This e↵ect is not visible for 1 Hz and 100 % deformation, proving that the measured

e↵ect is real and not merely an artefact of the measurement.

The fact that the Bragg intensity follows the external excitation in one case but not in

the other makes it possible to extract a relaxation time for the crystal as well as a critical

deformation for which the crystal becomes a↵ected by shear at the surface. Interestingly, an

asymmetry between loading and unloading is visible as well. The fine time-step of 20 ms was

chosen so as to provide good counting statistics for the corresponding neutron reflectivity

data. Increasing the frequency or prolonging the data acquisition beyond the 30 minutes

per sample shown here, would allow access to reflectometry data with similar experimental

9
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FIG. 6. Typical picture of the absolute normalized intensity in momentum transfer space for 5000

% strain amplitude and 1 Hz frequency at the maximum deflection. Notice the strong peak on the

specular ridge.

uncertainty to much shorter time-steps.

V. DISCUSSION

In this section we will discuss the opportunities and limitations of the technique presented

above. The time resolution of the experiment is tightly linked to the possibility of measuring

the precise time of flight of the neutrons and the separation of di↵erent wavelengths. In order

to analyze the data, first the distance L1 = 1.28 m between the rheometer and the detector

has to be taken into account and each wavelength has to be corrected for this distance,

since the time the neutron needs to travel from the sample to the detector is finite in our

case 0.77 ms for 2.3 Å and 1.7 ms for 5.3 Å. This di↵ers from x-rays traveling at a speed

10
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Result
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FIG. 8. The summarized data is shown for an exemplary setting, 1 Hz and 100 % LAOS, proving

that the intensity is constant over the full duty cycle.

resolution is not influenced by synchronization uncertainties. This is a particular advantage

at spallation sources, where the pulse length and repetition rate are given by the source

and can not be continuously tuned as on a continuous reactor source. In addition, the

tuning of the pulse repetition frequency and pulse length goes hand in hand with a loss in

neutron flux, which is avoided by our approach so that the full brilliance of the source can

be exploited. Moreover, our approach allows greater flexibility regarding the experiments,

since all the analysis is done in the post processing. It is possible to go back to the raw

data and perform an appropriate rebinning to highlight any physical features found in the

data after the experiment has been finished. It is also important to note that our approach

does not necessarily depend on the pulse length of the source nor the repetition rate, since

typically a long pulse source like the ESS will o↵er a much larger distance between the

source and the sample as compared to the sample detector distance. In the following we

will discuss the optimized setup for di↵erent scenarios regarding dynamic range as well as

time resolution.

12
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Result
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FIG. 7. The absolute integrated intensity is shown for the exemplary case of 1 Hz and 5000 %

large amplitude oscillatory shear.

independent of wavelength and arriving almost instantaneously at the detector. Assuming

elastic scattering allows to apply a chromatic time of flight correction, linking the neutron

events to the excitation. (see Figure 2)

The maximum achievable time resolution T
r

is given by the following equation and can

easily be derived geometrically (see Figure 9).

T
r

= T
eff

L2
L2+L1

,with L2 = 13.6 m and L1 = 1.28 m leading to 8.6% of the pulse time un-

certainty T
eff

. This value is defined by the moderator’s emittance spectra and is ultimately

limited by the upper and lower threshold of the wavelength dependent time resolution of

T
e

= 40 � 140 s for neutrons from 2.5 - 10 Å respectively. Hence, the resulting value

is significantly smaller than the counting time to achieve su�cient intensity in the data

acquisition.

This calculation is identical to the TISANE technique22,23 , however our approach does

not require total synchronization of the sample and the pulse repetition and therefore the

11
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Result

proving that the measured effect is real and not merely an
artefact of the measurement.

The fact that the Bragg intensity follows the external exci-
tation in one case but not the other makes it possible to extract
a relaxation time for the crystal, as well as a critical defor-
mation for which the crystal becomes affected by shear at the
surface. Interestingly, an asymmetry between loading and
unloading is visible as well. Additionally, a notable phase lag is
visible. This is common for complex liquids, which typically
show retarded response functions. The fine time step of 20 ms
was chosen so as to provide good counting statistics for the
corresponding neutron reflectivity data. Increasing the
frequency or prolonging the data acquisition beyond the
30 min per sample shown here would allow access to reflec-
tometry data with a similar experimental uncertainty to much
shorter time steps. Fig. 9 shows the effect of much smaller time
steps and higher frequencies with 5000% and 10 Hz LAOS.
Here, the technique was pushed to its limits. Naturally, the
statistics suffer from increasing the time resolution. Interest-
ingly, in this case not only does the intensity follow the
external excitation but additional peaks also become visible.
These might be related to the formation of shear bands and/or
strain overshoot. A detailed discussion of the respective
effects goes beyond the scope of this paper and will be
presented in a future publication. However, for the moment it
is important to note that the peaks show a steep rise on the

left-hand side. This demonstrates experimentally that the time
resolution of our technique is better than 0.5 ms.

5. Discussion

In this section we will discuss the opportunities and limitations
of the technique presented above. The time resolution of the
experiment is intimately linked with the possibility of
measuring the precise time of flight of the neutrons and the
separation of different wavelengths. In order to analyse the
data, first the distance L1 = 1.28 m between the rheometer and
the detector has to be taken into account and each wavelength
has to be corrected for this distance, since the time the neutron
needs to travel from the sample to the detector is finite, in our
case 0.77 ms for ! = 2.3 Å and 1.7 ms for ! = 5.3 Å. This differs
from X-rays, which travel at a speed independent of the
wavelength and arrive at the detector just nanoseconds after
the scattering event. Assuming elastic scattering allows us to
apply a chromatic time-of-flight correction, linking the
neutron events to the excitation (see Fig. 2).

The maximum achievable time resolution Tr is given by the
following equation and can easily be derived geometrically
(see Fig. 10):

Tr ¼ Teff

L2

L2 þ L1

; ð3Þ

with L2 = 13.6 m and L1 = 1.28 m leading to a value for Tr of
8.6% of the pulse time uncertainty Teff. This value is defined
by the emittance spectrum of the moderator and is ultimately
limited by the upper and lower thresholds of the wavelength-
dependent time resolution of Te = 40–140 ms for neutrons of
! = 2.5–10 Å, respectively. We note here that the wavelength-

research papers

224 F. A. Adlmann et al. % Neutron scattering with sub-millisecond resolution J. Appl. Cryst. (2015). 48, 220–226

Figure 9
The absolute integrated intensity for 10 Hz and 5000% LAOS with (top)
200 and (bottom) 50 time slices. The effect of decreased statistics in
relation to increased time resolution is visible in the error bars.

Figure 10
The distance–time diagram for a pulsed-source reflectometer. The inset
illustrates the maximum achievable time resolution from the pulse out of
the moderator. Blue indicates neutrons with the shortest wavelength and
red those with the longest wavelength. Green indicates the earliest full
packet of neutrons emitted first from the source and brown the last
possible packet of the pulse arriving at the detector. The sample
excitation is indicated by a sine wave in the colour density.

electronic reprint

F. Adlmann et al., J. Appl. Cryst., 48, 220 (2015).
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Limit - time resolution

Time resolution:

Tr = Te
L2

L1 + L2
L1
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timeTe

Tr

Teff
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distance

detector

sample

moderator
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Summary

Depth profile is straight forward to measure and analyse 

Depth sensitive experiments: 
 Challenging data analysis 
 Often flux limited - Divergenz should meet wavelength spread 

Time resolution experiments: 
 Resolution better than microseconds is possible 
 Pump probe time measurement of repeatable excitations

To get a full picture out of plane information is needed 
together with in-plane as well as the dynamics.
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Outlook

Neutrons are too valuable, let us use them as 
efficient as possible!

Time resolved measurements are not limited to any technique 
Imaging, Diffraction, Inelastic, Quasielastic 

nor scientific question 
Soft materials, Biology, Magnetism, Electronics

Storing of “real” raw data (event mode) allows: 
Binnig during post processing 

Including meta data 
Data mining 

Only price to pay CPU and data storage capacity (107 events/s).

How far could we get with inelastic measurements at low Q?
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