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 1 

“Ripples” in an Aluminum Pool? 2 

Jim Rohr, Si-Yin Wang, Vitali F. Nesterenko 3 

Our motivation for this article is for students to realize that opportunities for discovery are all around them. 4 

Discoveries that can still puzzle present day researchers. Here we explore an observation by a middle school 5 

student concerning the production of what appears to be water-like “ripples” produced in aluminum foil when 6 

placed between two colliding spheres. We both applaud and explore the student’s reasoning that the ripples 7 

were formed in a melted aluminum pool. Our intent is for: students to realize that opportunities for discovery 8 

are all around them. Discoveries that can still puzzle present day researchers. Here we explore an observation 9 

by a middle school student concerning the production of what appears to be water-like “ripples” produced in 10 

aluminum foil when placed between two colliding spheres. We both applaud and explore the student’s 11 

reasoning that the ripples were formed in a melted aluminum pool, but found that they are not waves in the 12 

melted aluminum.  13 

Using relatively simple experiments we argue that the impact energy is not enough to melt the aluminum. 14 

Furthermore, we experimentally demonstrated that similar pattern can be observed in quasi-static experiments, 15 

suggesting “wrinkles” is a better descriptor than “ripples”.  A research effort to explore this more rigorously is 16 

well beyond the scope of this article.  Nevertheless, we can say that although not commonly observed, the 17 

generation of instability patterns is typical for high strain flow of many ductile materials, reflecting a 18 

fundamental property of nature, that the path of energy flow from macroscale to microscale often involves 19 

unstable behavior and pattern formation on mesoscale.   20 

INTRODUCTION: A popular classroom demonstration illustrating the conversion of large scale kinetic 21 

energy into heat energy, localized on a much smaller scale, involves placing a piece of ordinary paper between 22 

two colliding spheres (in our case 0.45-kg, 5.08-cm diameter, steel spheres1). Propelled by hand with sufficient 23 

energy, enough heat is produced to raise the temperature at the contact area, with a radius much smaller than the 24 

radius of the sphere, to burn the paper (Fig. 1a). This reference also has a picture of striking pattern in Al foil 25 

refering to it as “shockwave preserved in Al foil”1. 26 

During one such presentation in Ms. Mendez’s middle school class, a student made an unexpected, “Hmm 27 

…that’s funny…”  observation. Replacing the paper with a sheet of dimpled aluminum (Al) foil from his 28 

sandwich wrapping, something unexpected resulted. To the student’s dismay, no matter how hard he propelled 29 

the spheres he could only create what appeared to him to be Al “ripples” surrounding the point of impact (Fig. 30 

1b, shown by arrows). These “ripples” on the Al foil appear to the unaided eye much like that which would be 31 

produced on the surface of the water by a dropped stone, intuitively prompting the idea that these ripples might 32 

be created in a pool of melted Al which was caused by the impact! This is a tempting idea especially because 33 

the initial goal of the experiment was the transformation of large scale kinetic energy to localized heat energy, 34 

which in case of the paper convincingly resulted in the paper burning.  35 



 36 

Figure 1. Picture of: (a) burnt holes on sheet of paper and (b) “ripples” in Al foil (indicated by arrows) produced 37 

when paper and foil are placed between two colliding 5.08-cm diameter, 0.45 kg stainless steel spheres 38 

propelled by the student’s hands.  The numbers on the bottom scale are in centimeters.  39 

The question as to whether the impact of the spheres in these student experiments could melt the Al foil placed 40 

between them and create “ripples” in a liquid Al pool, led to the University of California at San Diego, where 41 

material researchers helped shape subsequent explorations. Here there was the opportunity to view the “ripples” 42 

in the Al foil under a microscope, and to explore in a quantitative way, the likelihood of whether the impact 43 

energy was sufficient to melt the Al foil. It could also be tested if it was possible to create these “ripple”-like 44 

patterns quasi-statically to probe whether this phenomenon is truly dynamic in nature. Furthermore, a fresh 45 

perspective of viewing this phenomenon, where relatively high energy impacts on ductile solid materials 46 

produce unanticipated fine scale patterns, was afforded. 47 

BACKGROUND: Recognizing a similarity in appearance between the pattern generated by impact in solid Al 48 

foil, and splashes resulting in ripples on an impacted liquid surface, the question arose as to whether the initially 49 

solid aluminum had melted upon impact. Recognizing similar splash patterns produced by very different 50 

mechanisms in different materials, the student is in good company. Arthur Worthington, notable English 51 

physicist and pioneer of high speed photography, made a similar recognition of the resemblance of “permanent 52 

splashes”2 left where a projectile has entered a high strength armor plate (Fig. 2a). He remarked that: “There is 53 

the same slight upheaval of the neighboring surface, the same crater, with the same curled lip, leading to the 54 

inference that under the immense and suddenly applied pressure, the steel has behaved as a liquid.2” It must be 55 

emphasized that Arthur Worthington did not say that high strength armor plate was melted, he pointed out only 56 

that it behaved like a liquid under these specific conditions of  high velocity impact resulting in “immense and 57 

suddenly applied pressure”.   58 

Interestingly, Arthur Worthington did not mention another similarity with a liquid splash, occurring at a much 59 

finer scale, that is the appearance of a periodic pattern of lobes that formed along the “curled lip” (Fig. 2a). 60 

More recent pictures of similar patterns produced by bullets penetrating steel can be found on the web3. 61 

Beautiful images obtained with a high speed camera of crown-like splashes created by a milk drop falling in a 62 

milk pool can be found in this journal4. 63 



For the material researcher, under high strain and high strain rate conditions, the creation of such fine scale 64 

patterns in metals during the process of deformation is not unfamiliar. For example, explosively imploding 65 

tubes of different metals can result in both spiral (Fig. 2b) and wavy patterns (Fig 2c). 66 

 67 

Figure 2. Images of pattern formation resulting from instability of high strain, high strain rate events in ductile 68 

materials: (a) pattern of multiple lobes on a curled steel lip generated by projectile impact2; (b) spiral pattern of 69 

localized shear bands seen in a cross section of a collapsed 304 stainless steel tube between two copper tubes5,6; 70 

and (c) segment of cross section of initially concentric layers of Al and Ni foils collapsed into a wavy pattern of 71 

layers (cooperative buckling, large magnification, center of the collapsed tube is in the left corner) in a tube of  72 

similar size as the stainless steel tube in (b)6,7. Both patterns in (b) and (c) were generated by the violent 73 

explosive collapse of the tube along its radius6,7.  74 

Although sheets of paper and aluminum foils, placed between two colliding spheres in student experiments, 75 

were the subject of nearly identical experiments dramatically different results were obtained. In both cases, 76 
relatively large scale kinetic energy of the colliding 5.08-cm diameter spheres, flows to a much smaller scale 77 
(few square millimeters) where the material is dramatically affected by the impact. Here high strain flow may 78 

occur and dependent on the material’s properties, this material flow generated by impact can become unstable, 79 

generating tantalizing patterns which did not previously exist (e.g. Figs. 1b). We would like to emphasize that 80 
high strain material flow in general is conducive to the generation of patterns as illustrated in Fig. 2. 81 

It would be appropriate to mention here the different physical properties of paper and aluminum. Paper has an 82 

inhomogeneous structure consisting of randomly intertwined fibers of cellulose wood pulp that resemble a bale 83 
of hay8. Paper does not support plastic deformation – i.e., continuous and permanent change of shape without 84 

fracture caused by the application of a force greater than the yield value. But in student experiments frictional 85 
forces between paper and steel spheres and inside the paper, resulting from the paper expulsion from the area 86 
between the spheres, can increase local temperatures within the contact area to greater than 233o C (451 o F) 87 
resulting in the autoignition point of paper9. If these temperatures are achieved the paper will burn leaving a 88 
charred hole, along with the odor of burnt paper.  89 

Aluminum is a soft, ductile metal which supports plastic deformation and has a lower heat capacity but higher 90 
density than paper. The melting point of aluminum is significantly greater than the autoignition point of paper, 91 

about 660oC (1220o F)10. (Though not well understood, Al can burn in similar experiments if plastic 92 
deformation creates fresh surfaces free of oxides and the temperature is sufficient to ignite oxidation reaction in 93 
air.) A back-of-the-envelope calculation was made to determine if the Al was melted in the impact zone. This 94 
was achieved by conservatively estimating the total possible energy available to heat the aluminum, and 95 
knowing the heat capacity and the approximate mass of aluminum within the “rippled” area, calculating if the 96 

increase in temperature is great enough to melt the aluminum. But first, a brief digression concerning what was 97 
found when viewing the students’ “ripples” under a microscope.   98 

RESULTS: Magnified (nearly 10-fold) images of the “ripple” patterns generated by impact in student 99 

experiments on the Al foil produced both additional insight as well as additional questions. It was noticed that 100 

https://en.wikipedia.org/wiki/Cellulose
https://en.wikipedia.org/wiki/Ductility
https://en.wikipedia.org/wiki/Metal


after exceeding, by hand, some critical impact velocity to first form “ripples”, the diameter of the “rippled” area 101 

generated by impact and number of “ripples” within it generally increased with increasing impact velocity. A 102 

typical parameters of the pattern of ripples generated in the Al foil (Al 1100-O) with initial thickness 13 103 

microns placed between two steel balls with 5.08 cm diameter each (one is moving with velocity 1.5 meter per 104 

second colliding with another one being in rest): size of the region of the waviness is about 2 mm in diameter, 105 

ripples amplitude is about 50-80 micron, wave lengths in the interval 200 - 300 micron. Furthermore, it was also 106 

noticed that the spacing between peaks of the “ripples” appear to generally increase with distance from the 107 

center of the impact zone (Fig. 3; a,b,c). Note, some of the slight asymmetry of the “rings” in the “ripple” 108 

images shown throughout this article is likely the result of the spheres making oblique contact. Cursory 109 

experiments with different metal foils and different thicknesses of Al foil produced different impact patterns.  A 110 

proper parameterization of these impact patterns will require a significant research effort and lies well outside 111 

the scope for this work.    112 

 113 

 114 

Figure 3: Magnified images from Fig. 1b of patterns of “ripples” in aluminum foil, produced when the foil is 115 

placed between colliding spheres. The impact velocity of the spheres, although not quantified since spheres 116 

were propelled by student’s hands, increased from left (a) to right (c).  Scale marks on the top are in mm.  117 

Another student “Wait…What?” moment arose when the Al foil was placed on a flat steel plate and the 5.08-cm 118 
diameter steel sphere was dropped from different heights. The aluminum impact zone was found strikingly 119 
different. The “ripple” patterns revealed in Fig. 3 no longer occurred. Instead, usually only a single circular 120 

bulge could be found (Fig. 4). We later learned that Al foil is commonly used in compression tests similar to 121 

this and the central flat area, circumscribed by the bulge, has been used to estimate the deformation of the 122 
sphere11.  123 

 124 

 125 



Figure 4. Magnified image of deformation pattern produced in Al foil when it is placed between sphere and flat 126 

plate. Impact made by a 5.08-cm diameter, steel sphere, falling 50 cm (impact velocity of 3.13 m/s), onto a 127 

sheet of Al foil placed on a steel plate. Scale marks on the top are in mm.  128 

To test the student’s conjecture that the Al had melted under impact, the researchers at UCSD suggested using a 129 

modified Newton’s cradle arrangement, using two hanging spheres to allow quantifiable repetitions of the 130 

previous impacts. Together with a high speed camera, we could estimate the loss of kinetic energy that could be 131 

used to increase the temperature throughout the “rippled” area. The set-up consisted of two 6.35-cm diameter, 132 

0.91 kg, steel spheres each suspended by galvanized steel aircraft cable attached to an overarching aluminum 133 

frame12. The height of one sphere was raised along an arc, keeping the supporting cable taut, and dropped from 134 

incrementally increasing heights to hit the initially stationary sphere. Aluminum foil and paper were 135 

alternatively placed between the spheres for the same drop height. At a drop height between 11.9 -12.1 cm the 136 

resulting impact would consistently create recognizable Al “ripples” (Fig. 5), but did not result in burning the 137 

paper. This height range corresponds to a potential energy range of 1.06-1.08 J, and ignoring frictional effects, 138 

resulted in impact velocities between 1.53-1.54 m/s.  139 

 140 

Figure 5. Magnified image of the “ripple” pattern in Al foil with initial thickness 13 micron after being placed 141 

between two hanging 6.35-cm diameter, 0.91 kg, steel spheres. One sphere was initially stationary, the other 142 

swung from a height between 11.9-12.1 cm, resulting in impact velocities between 1.53-1.54 m/s. Scale marks 143 

are in mm.  144 

This set-up with hanging spheres produced a similar pattern of “ripples” that the students produced in the 145 

classroom. Recording the impact and recoil velocities of the spheres with a high speed camera it was estimated 146 

that less than 5% of the initial energy, i.e. 5.3-5.4 x 10-2 J, was lost in the collision. The area and mass of a sheet 147 

of Al foil was 624.19 cm2 and 2.22 g respectively. Estimating the diameter of the “rippled” area as being 148 

between 3.25-3.50 mm (Fig. 5), areas between 0.083-0.096 cm2 were calculated and the corresponding mass 149 

estimated to be between 2.95-3.42 x 10-7 kg. Using a heat capacity of Al of 0.91 kJ/(kg-K)13, one calculates an 150 

average increase in temperature between 171 – 201o C resulting in a final temperature range of 191 - 222oC, 151 

well below the Al melting point of 660oC. 152 

Surprisingly, the only reference to these striking patterns in Al foil that we could find was by the manufacturer 153 

of the steel spheres that were used for class room demonstrations, who refers to these patterns as “shockwaves 154 

preserved in Al foil”1, presented as a comment to corresponding picture. Upon calling the manufacturer, we 155 

found that they could provide no references but encouraged us to explore. To determine if these “ripple” 156 

patterns are a dynamic phenomenon (i.e. “shockwaves preserved in Al foil”) or are result only of high strain 157 

flow, quasi-static compression experiments of Al foil placed between two spheres were conducted. The 5.08-cm 158 

steel spheres were placed within a slightly larger diameter Plexiglas tube with the Al foil between them. Using 159 

an Instron 8801 servo hydraulic testing system14 loads of 3000N and 15000N were applied at a very slow linear 160 

http://www.azom.com/ads/abmc.aspx?b=10467


load rate of 1 mm per minute. This testing was repeated for the case with the Al foil with thickness 13 micron 161 

placed between the 5.08-cm steel sphere and a flat steel plate. Similar patterns were found in the Al foil for 162 

these quasi-static tests for both sphere on sphere (compare Fig. 3 and Fig. 6a,b) and sphere on plate (compare 163 

Fig. 4 and Fig. 6c,d), as were observed in the student’s dynamic experiments, thereby eliminating shock waves 164 

as a candidate mechanism for the generation of “ripples”.  165 

 166 

     167 

      168 

Figure 6. Magnified images of deformation patterns in Al foil with 13 micron thickness produced quasi-169 

statically. Al foil placed between two 5.08-cm diameter, steel spheres with loads of (a) 3000N and (b) 15000N; 170 

and placed between 5.08-cm sphere and flat steel plate with loads of (c) 3000N and (d) 15000N. Scale marks on 171 

top of Fig. 6(a) are in mm and apply to all images. 172 

 173 

CONCLUSION:  174 

K.C. Cole has written “Nature seems to be built on patterns, and looking for those patterns is the primary 175 

preoccupation of artists and scientists alike.”15 Our middle school student also looked for patterns, recognizing a 176 

similarity between ripples in a pond and what appeared to the naked eye to be ripples in Al foil - produced when 177 

placed between two colliding spheres. The student made the sensible inference that the ripples were formed in a 178 

melted pool of aluminum.  179 

However, we show that an approximate energy balance analysis within the “ripple”-like, deformed area leads to 180 

the assumption that the Al foil was not melted. Magnified images support this inference, showing a more 181 

complex topology as opposed to the circular, concentric surface waves found when a sphere falls into water. It 182 

was also demonstrated that this phenomenon of “ripple” generation is not unique to the dynamic conditions of 183 

impact and could be reproduced also under quasi-static conditions. Consequently, despite the striking similarity 184 

to the unaided eye, the pattern of “ripples” observed by students is not due to wave propagation in melted Al.   185 

How these impact patterns change for different materials and foil thicknesses, with greater impact and impact 186 

angle, with spheres of different radii, and what is the accompanying shear stress field is outside of the scope of 187 

this article as it requires additional investigation suitable for a research journal. Nevertheless, one can say that 188 

these experiments very clearly illustrate how a portion of large scale kinetic energy or the work of an external 189 

quasi-static force, being transformed into thermal motion at atomic scales, may do so through the generation of 190 

deformation patterns at intermediate (mesoscale) level. And it can be noted that this pattern, though not 191 

commonly observed, is typical for high strain flow of many ductile materials.  192 

The phenomena of pattern formation are very complex and whereas the detailed mechanism for “ripple” 193 

production remains unknown; one can speculate that it is likely generated by high strain plastic flow of the Al 194 



expelled from the developing contact region between the two spheres. The fact that this pattern was generated in 195 

quasistatic conditions clearly demonstrates that it is not a “shockwave preserved in Al foil” as mentioned in1. 196 

This flow of Al is pushing the surrounding Al foil in the plane direction resulting in its buckling and formation 197 

of “ripples”. The fact that the number of ripples is dramatically reduced when one of the spheres was replaced 198 

with a flat plate suggests that the plate may suppress the generation of buckling instability, probably due to 199 

changing the geometry of material expulsion from the area where the sphere and plate are in contact. It is also 200 

possible that “ripples” are initially formed but then flattened by the contact deformation of the sphere on the flat 201 

plate. In regards to these findings, we suggest that the deformation patterns in Al foil referred to by students as 202 

“ripples” should be reconsidered as a pattern of wrinkles formed in solid Al foil likely due to buckling 203 

instability of the foil surrounding the contact area between spheres, but this needs to be confirmed through 204 

methodical research. Based on this explanation we expect that this behavior is not unique for Al and that 205 

different metal foils will produce different results depending on their strength and initial thickness.  This simple 206 

examples hopefully will help students recognize that in many cases physical systems experience in situ self-207 

organized behavior and pattern formation generated by external action.  208 

 209 

The scientist and science fiction writer Isaac Asimov once said, “The most exciting phrase to hear in science, 210 

the one that heralds new discoveries, in not ‘Eureka!’ but rather ‘Hmm… that’s funny?’”16. In conclusion, as we 211 

wait for some future ‘Eureka!’ moment regarding a deeper understanding of these phenomena, we take pleasure 212 

in acknowledging the role of a middle school student’s “Wait...What?” observation, to scientific progress.   213 
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