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Following Ion Diffusion in Solution 

S. Rondot, J. Cazaux, 0. Aaboubi, J. P. Chopart, A. Olivier 
An x-ray projection microscope equipped with a charge-coupled device camera allows 
direct observation of zinc (Zn2+) ions diffusing in aqueous hydrochloric acid solution during 
the corrosion of zinc foil and pellets. Time series of microradiographic images with a lateral 
resolution on the order of 10 micrometers allow observation of the time and spatial evolution 
of the colorless Zn2+ ions in solution without any previous treatment. The concentration 
distribution of the ions can be quantified from these images. This technique should find 
applications in the biology, chemistry, and electrochemistry of aqueous solutions, allowing 
direct observation of the behavior and concentration fluctuations of medium or heavy ions 
moving in a weakly absorbing medium. 

T h e  main advantage of x-ray microscopy 
(XRM) is the ability to see inside thick, 
optically opaque specimens, even those in a 
liquid or gaseous environment. Another 
advantage, related to x-ray matter interac- 
tion, is the sensitivity in the detection of 
medium or heaw elements immersed in a 
light elemental matrix. 

The use of shadow XRM to observe 
time-dependent phenomena is associated 
with the develoument of modem signal- - 
detection and signal-processing devices such 
as the computer-controlled charge-coupled 
device (CCD) camera, which produces dig- 
ital images within a few seconds, compared 
to the few minutes required by conventional 
photographic plates. This technique, devel- 
oped without the need of focusing elements, 
is also characterized by a large field depth. 

Fick's equations are invariably used in 
theoretical studies of atomic diffusion in 
solids (I) and liquids (2); however, they 
can be analytically solved for only simple 
geometries and boundarv conditions. Con- - 
ventional methods of experimental study- 
for examule. the use of an electron micro- 
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probe in studies of heterogeneous solid-solid 
diffusion-reauire the diffusion urocess to 
be stopped for analysis (3). Consequently, 
such measurements strongly perturb the 
experiment. Two methods are commonly 
used to study particle diffusion in a liquid 
during corrosion: In the first technique, the 
diffusing particle must be labeled, and in 
the other, one has to evaluate the concen- 
tration of solution samples taken periodical- 
ly with a chemical or electrochemical mea- 
surement method (4). 

In this report, we present a technique for 
the direct observation of a corrosion process 
bv visualization of the diffusion of ions 
cdming from the oxidation of a metal. This 
type of process has a time evolution long 
enough to be observed by absorption XRM. 
The approach is similar to that followed by 
Rothman et al. ( 3 ,  who used high-resolu- 
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tion XRM to investigate cell biology, and 
by Anderson et al. (6), whose results from 
x-ray scanning microradiography led to a 
local diffusion coefficient for ions in aaue- 
ous solution within a glassfrit (porous 
glass). We directly observed Zn2+ ion dif- 
fusion during the corrosion process of zinc 
(in the metallic form) by a hydrochloric 
acid solution, following the well-known 
reaction 

From a series of microradiographs taken 
periodically, one can follow the diffusion 
process during its development. 

We used an x-ray projection microscope 
derived from a conventional scanning elec- 
tron microscope equipped with a cooled 
CCD camera (7, 8). The advantages of this 
detector are its speed, its good linearity, 
and its wide dynamic range (ratio of satu- 
ration signal to readout noise; up to 3 x 
lo4). The_ x-ray beam is generated by the 
bombardment of a metallic target with a 
primary electron beam whose energy can be 
varied from 1 to 30 keV. Different targets, 
placed side by side on a movable target 
holder, permit variation of the energy of 
the incoming photons without any inter- 
vention in the vacuum chamber, and a 
movable specimen holder permits observa- 
tion of different parts of the sample by 
translation in the xyz directions. 

The lateral resolution deuends on the 
position of the specimen, the dimension of 
the x-ray source S (about 1 pm), and the 
size D (about 25 pm) of each detecting 
element of the x-ray detector (phosphor, 
fiber optic bundle, and CCD camera) (9). 
We achieved a lateral resolution on the 
order of 10 pm. The detection limit for 
heavy atoms embedded in a weakly absorb- 
ing medium may reach 1 in lo4 and even 1 
in 10' in some cases (1 0). 

Because microradiographs are acquired 
and stored in digital form, they lend them- 
selves naturallv to direct measurement and 
quantitative analysis of the specimen ab- 
sorptivity at each+pixel (1 1). Maps of pt for 

the suecimen can be derived with the Beer 
law [I = Ioexp(- pt), where I is intensity, p 
is the linear absorution coefficient. and t 
the thickness of tge specimen] from three 
successive images: the first, B, with neither 
the specimen nor the illumination (to ob- 
tain the dark current of the camera), the 
second, E, with the x-ray beam but not the 
specimen (to obtain the incident photon 
intensity), and the third, I, with the inci- 
dent beam and the specimen. The loga- 
rithm of the intensity ratio (E - B)/(I - B) 
permits the derived values of pt to be 
related to each uixel of the camera (1 2). 
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Because of the nature of our x-ray mi- 
croscope, the specimen is placed in the 
vacuum chamber. Study of a time-depen- 
dent chemical reaction in a liquid required 
the design of an environmental chamber 
(hermetic solution cell), which holds a 
specimen in solution at atmospheric pres- 
sure (Fig. I). To build this cell, we followed 
Anderson et al. (6), Watanabe et al. (13) 
(who observed human blood cells with a 
soft x-ray microscope), and Pine and Gil- 
bert (14) (who observed dendrites and ax- 
ons in a neuron with a scanning transmis- 
sion x-ray microscope). Our cell, made of 
polytetrafluoroethylene (PTFE), has two 
parts, which facilitates the introduction of 
the metallic sample. Two PTFE pipes con- 
nect the inside of the cell with the outside 
of the microscope by means of a feed- 
through between the vacuum chamber and 
the outside. This permits one to control the 
onset of the reaction by injecting the reac- 
tive solution after having found the zone of 
the cell to be observed and allowing the - 
gases contained in the cell to be evacuated. 

In our first exueriment, we used a uure 
zinc metal disk 3 mm in diameter and 1 mm 
thick to approximate one-dimensional dif- 
fusion (1 5). The hydrochloric acid solution 
(36% by weight) contained glycerol, which 
increased the viscosity of the solution and, 
therefore, slowed the diffusion, avoiding 

Fig. 1. Schematic diagram of the solution cell. 
(A) Support allowing the fixing of the cell in the 
moving specimen holder, (B) PTFE pipe; (C) Zn 
foil, and (D and E) PTFE walls. Experimental 
arrangement: (F) detector and (G) target hold- 
er. The indicated dimensions (+ indicates di- 
ameter) are in millimeters. 
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convection effects near the cell walls. For 
the second experiment, we used pure zinc 
pellets and the same hydrochloric acid so- 
lution but without glycerol, to show what 
happens in a general case. Inside the cell, 
the experimental conditions (pressure, 1 
atrn; temperature, 293 K; pHKid < 2; redox 
potential of  Zn2+ compared with Zn, 
-0.76V versus a normal hydrogen elec- 
trode) are those indicated by the potential/ 
p H  diagram of pure zinc, given by Pourbaix 
(1 6) for the corrosion of zinc. 

We acquired 12 microradiographs of the 
flat disk geometry (Fig. 2) and 14 of the 
pellet geometry (Fig. 3). A period of 1 min 
separates the beginning of each image with 
an acquisition time of 30 s per image. We 
subtracted. ~ i x e l  bv ~ i xe l ,  the initial pt 

Fig. 2. (A) Corrosion of a zinc plane electrode B image (take; beforePky chemical reaction) 
(in black on the left of each image) set in contact .zn++ from each ~t image taken during the chem- 
with a hydrochloric acid and glycerol solution. ions ical reaction to eliminate the contribution 
Microradiographs were obtained by subtracting Z, ~ 0 1 1  HCI of  the absorption of the cell walls and of the 
pixel by pixel the initial kt image (acquired at t + H,O 
= 0 before any chemical reaction) from the Corrosion 
successive pt images (acquired at the indicat- pit 
ed times in seconds during the chemical reac- 
tion). Light areas correspond to the strong x-ray X 

absorption of the Zn2+ ions relative to that of the PTFE and dilute acid; dark regions characterize 
weaker absorption. (B) Diagrammatic representation. Experimental conditions: target, Mo; E,, = 29 
keV; I, = 0.48 pA. 

- ~ 

HCI + H,O 3 

'42 

Fig. 3. General case showing diiusion of Zn2+ ions in a turbulent medium, limited by the walls of the 
cell (on left and right) and by tl, bubbles (on top and bottom). The drawing at bottom right 
represents the configuration used. These images are obtained with the same mathematical process 
described in Fig. 2A. Experimental conditions: target, Mo; E, = 29 keV; lo = 0.65 pA. 

b 
120240360480600720 

Time (5)  

Fig. 4. (A) Evolution of a given concentration 
profile (yo = 300 pm, black line in Fig. 28) as a 
function of time for four successive images 
taken before t = 300 s. (B) Variation of the local 
concentration of Zn2+ ions for a given pixel (x, 
= 545 pm and yo - 313 pm, black cross in Fig. 
28). The change of slope at t = 480 s suggests 
the influence of other additional phenomena 
(such as convection) on the diiusion process, 
but the uncertainty of the measurements (25%) 
does not permit claims about oscillation effects. 
(C) lsoconcentration lines of the Zn2+ ions in 
solution, deduced from the image in Fig. 2A 
taken at t = 300 s. 
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dilute acid solution. The microradiographs 
show the evolution of the ions diffusing 
from the metal to the solution. 

The small black zones on the left of each 
image in Fig. 2A, caused by corrosion pits 
on the metallic sheet, show the progressive 
erosion of the metal (negative absorption 
because of the subtraction). Light regions , - - 
in the center of the images show the diffu- 
sion process, and dark zones correspond to 
hydrogen (Hz) bubbles, which reduce the 
layer thickness of the Zn2+ ions and locally 
decrease the x-ray absorption. We do not 
see, as was nai'vely expected, a front of 
Zn2+ ions moving perpendicular to the zinc 
electrode because, in fact, this chemical 
reaction is associated with com~licated mi- 
croscopic phenomena, such as the creation 
of a turbulent medium caused by the gas 
release. Therefore, this experiment demon- 
strates that this phenomenon is a complex 
process that cannot be studied with a one- 
dimensional Fick's law. 

In the reaction with the zinc   el lets 
(Fig. 3), we see the evolution of a front of 
Zn2+ ions. limited bv the walls of the cell. 
complicated by the production and move: 
ment of H2 bubbles and by the concentra- 
tion gradient [decreases from the top left of 
each image (where the zinc pellets were 
situated) to the bottom right]. These images 
show what happens in a general case, with- 
out any particular geometry for the metallic 
specimen. The spherical edges of the front 
give rise to two menisci (observed from t = 
360 s). These menisci result from the for- 
mation of H, bubbles. All of these images - 
show the influence of the gas release in the 
creation of a turbulent medium that leads to 
heterogeneous diffusion. 

To quantify the distribution of the Zn2+ 
ions moving into the liquid, we obtain pt 
maps for each stage of the diffusion and 
convert them into concentration maps. It is 
possible to see how a given concentration 
profile C(x,yo,t) (Fig. 4A) or a local con- 
centration C(xo,yo,t) at a given point 
(xo,yo) (Fig. 4B), expressed in zinc atoms 
per H,O molecule, changes with time. We 
can also delimit isoconcentration lines on 
each initial microradiograph (Fig. 4C). 

Our techniaue. characterized bv its ease . , 

of operation (a modified scanning electron 
microscope), good sensitivity, and sufficient 
spatial resolution for this type of study, offers 
the possibility of evaluating the local con- 
centration of the solvated species, even in a 
colorless solution, such as zinc in hydrochlo- 
ric acid. We believe that this technique can 
be adapted to a wide field of applications, 
including the visualization of ionic species 
migration during electrochemical processes, 
the diffusion of ionic particles in a porous 
medium, or the diffusion of K+, Na+, and 
Ca2+ ions in biological materials with a ., 
lateral resolution of a few micrometers. 
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From Static to Kinetic Friction in 
Confined Liquid Films 

Giinter Reiter, A. Levent Demirel, Steve Granick* 
The transition from rest to sliding contact of atomically smooth solids separated by mo- 
lecularly thin liquid films was studied. The films could be deformed nearly reversibly to. a 
large fraction of the film thickness. The modulus of elasticity and yield stress were low, 
considerably less than for a molecular crystal or glass in the bulk. The transition to 
dissipative sliding was typically (but not always) discontinuous. The dissipative stress was 
then nearly velocity-independent. The similar response of monolayers strongly attached 
tq the solid surfaces, presenting a well-defined interface for sliding, suggests that the 
physical mechanism of sliding may involve wall slip. 

N o t  enough is understood about friction 
(1-5). This impedes progress not only on 
workaday problems of tribology but also on 
other complex dynamical problems such as 
.earthquakes. An essential fact to appreciate 
is that solid bodies in contact are nearly 
always lubricated, either by liquids or addi- 
tives that are intentionally added or by 
condensed vapors. However, confined liq- 
uids were recently found to exhibit patterns 
of friction normally associated with the 
deformation of solids. This result, first pro- 
posed in the engineering literature (6-8), 
has now also emerged for films that are 
molecularly thin (9, 10). However, in all of 
these experiments the displacements were 
large, too large to investigate decisively the 
transition from static to kinetic friction. 

A surface forces apparatus with oscilla- 
tory shear attachment was used (1 0, 1 1). In 
previous work we investigated the per- 
turbed liquid-like response of thicker con- 
fined liquid films (5, 10); here we investi- 
gate the solidity (4, 5, 9, 10) of thinner 
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films. The liquid of interest was confined 
between two circular parallel sheets of 
atomically smooth mica whose diameter 
was vast (=I0 pm) compared to the mo- 
lecularly thin distance between them. The 
film thickness and area of flattened contact 
were measured by multiple-beam interfer- 
ometry. Sinusoidal shear forces wete ap- 
plied by a piezoelectric element. A second 
sensor piezoelectric element was used to 
detect the resulting response, which was 
compared with the force required to deform 
this element when no liquid was present 
(1 2). The temperature was 27°C. 

The contributions of the mechanical 
response of the apparatus, especially of the- 
glue that attached the mica to the rest of 
the device (I I), were calibrated with the 
mica surfaces in dry adhesive contact. Mea- 
surements with confined liquids were then 
analyzed with the use of a model in which 
the calibrated apparatus response coupled 
mechanically with the thin-film sample 
(12). With regard to the uncertainties of 
calibration, a conservatively low bound of 
glue stiffness was assumed. Consequently, 
deformations of the thin-film samples might 
be larger (perhaps by up to 50%) than those 
we describe below, but not smaller. 
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