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5 ABSTRACT: Creating ultrathin films via ballistic impact-induced frictional material transfer
6 could be a new approach for additive manufacturing compared with current solvent-assisted
7 polymer coatings. The covalently bonded A block brushes and B block brushes are robust
8 mechanical units in A/B lamellar diblock copolymers (BCPs). The parallel brush−brush
9 interfaces with low entanglement density present a unique set of slip planes that can undergo
10 extreme deformation by shearing and delamination by tensile forces. Impact of microspheres
11 comprised of concentric glassy−rubbery brush layers against a rigid substrate at ballistic strain rates causes adiabatic shock heating
12 that permits compressional thinning of the bottommost layers via slip over both types of BCP brushes. In cooler regions, the
13 mechanical contrast between the glassy A blocks and rubbery B blocks induces extensive slip across the rubbery block brushes. For
14 angled impacts, the increased shear stress enhances brush slip and the particle slides across the substrate accompanied by
15 delamination across the slip planes and unique frictional transfer of discrete A-block-B B-block-A layers.

16 ■ INTRODUCTION
17 Nanometer thin 2D layered materials such as graphite readily
18 transfer to substrates via mechanical forces due to the low
19 friction between the atomically flat layers.1−3 Solvent-swollen
20 polymer brushes also exhibit very low friction that is essential,
21 for example, in the articulation of bone joints.4,5 Lamellar block
22 copolymers (BCPs) are a type of layered material having a
23 smectic A liquid crystal structure with 1D translational order.
24 Subjecting a bulk lamellar BCP sample to low-rate, high-
25 temperature, large amplitude oscillatory shear results in global
26 alignment with the lamellar normal parallel to the velocity
27 gradient due to easy shear as well as delamination across the
28 mid-layer brush−brush slip planes.6,7 When subjected to forces
29 normal to the layers, a chevron pattern of sharp kink
30 boundaries forms parallel to the force axis.8−11 For glassy−
31 rubbery lamellar BCPs deformed at quasi-static strain rates and
32 room temperature, the lamellar normal tilts away from the
33 force direction with increased strain. When the applied force is
34 at 45° to the lamellar normal, asymmetric kink boundaries
35 form parallel to the force axis, while for tensile deformation
36 parallel to the layers, the glassy layers fragment via a necking
37 process.9,10 Whether these various deformation mechanisms
38 can take place in a lamellar BCP at the extreme rates
39 characteristic of ballistic impact and how the relative
40 magnitude of the normal vs the tangential stresses on the
41 slip plane can affect the various deformation modes and
42 whether material transfer of layers to a substrate can take place
43 are essentially unexplored to date.
44 The laser-induced projectile impact test (LIPIT) has
45 recently emerged as a useful small-scale ultrahigh strain rate
46 test.12 LIPIT has several loading configurations including

47particle-specimen impacts onto rigid substrates.13−16 Quanti-
48tative studies are performed by monitoring the changes in the
49specimen-projectile speed and shape along with post-impact
50cross-sectional imaging of the specimen interior morphology. A
51simple initial microstructural state allows detailed analysis of
52the deformation mechanisms via post-impact microscopy of
53the deformation texture and displacement field of the material.
54In LIPIT, the impact event time scale is on the order of 10−
55100 ns. At this short time scale, the rapid heating from
56adiabatic shock can bring the polymer to temperatures well
57above the glass transition temperature (Tg) of the glassy
58component allowing visco-plastic flow, resulting in large
59deformations.15 Fast cooling below the Tg arrests the material
60in a highly deformed state. A recent study of polystyrene-block-
61polydimethylsiloxane (PS-b-PDMS) impacted a specimen
62projectile at an angle Θ into a rigid substrate. This test, called
63Θ-LIPIT,17 probed the tribological response by the addition of
64a tangential shear loading component, resulting in an increase
65in the frictional forces. Despite impacting at Θ = 45° at high
66velocities, all particles rebounded from the substrate without
67any noticeable polymer deposition. This behavior was likely
68due to the highly irregular microdomain structures, resulting in
69the lack of a set of well-defined slip planes in the PS-b-PDMS
70projectiles.17
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71 Here, we show that concentric layered particles having well-
72 defined slip planes can transfer a thin, continuous multi-
73 stepped lamellar film onto the substrate when undergoing
74 angled impact at high velocity. The precisely structured
75 microparticles are created by 3D confinement of a lamellar-
76 forming BCP in micron-sized spherical emulsion droplets. The
77 solvent−BCP solution droplets are suspended within an
78 immiscible fluid matrix18 (see Methods), and very slow solvent
79 dissolution into the surrounding water matrix results in a PS-b-
80 PDMS concentric glassy (Tg‑PS ∼105 °C) and rubbery
81 (Tg‑PDMS ∼−125 °C) layers. Microspheres are 2−3 microns
82 in diameter, consisting of about 20−30 shells with an average
83 shell thickness (lamellar period, d0) of 50 nm. Individual
84 microparticles were launched at velocities vi from 300 to 600
85 m/s using Θ ranging from 90 to 45° to impact gold-covered
86 silicon substrates. Incident projectile velocities were deter-
87 mined from images of the sphere taken just prior to impact
88 superimposed onto a CCD camera using two laser pulses with
89 a known time delay between them. Focused ion beam (FIB)
90 milling and low-voltage scanning electron microscopy (SEM)
91 of the cross sections of impacted and adhered particles along
92 with SEM and atomic force microscopy (AFM) transferred
93 films (Figure S1) permit detailed mapping of the changes in
94 the thicknesses and shapes of the lamellar brush layers and
95 insight into the conditions for material transfer at ultrahigh
96 strain rates.

97 ■ RESULTS AND DISCUSSION
98 Initial Spherical Projectile Morphology. The SEM

f1 99 image in Figure 1a shows a near-diametrical cross section of
100 a microparticle exhibiting alternating concentric layers of PS
101 (dark) and PDMS (bright). The idealized concentric spherical
102 shell model is shown in Figure 1b with the corresponding
103 molecular-scale schematic of the brushes with the covalent
104 junctions between blocks located on the inter-material dividing
105 surface (IMDS) and the two types of brush−brush mid-layer
106 slip planes, shown in Figure 1c. The emulsion fabricated
107 micron-sized spheres can have either PS or PDMS centers but
108 always have a 1/2 layer thickness of PS at the particle external
109 surface due to the favorable surface interaction of the PS block

110with the polyvinyl alcohol surfactant−water matrix during
111sphere formation. Deformation by layer slip, kink boundary
112formation, and delamination depend on entanglements. There
113are two types of entanglements possible for each block. Intra-
114brush entanglements occur near the IMDS between adjacent
115blocks, and inter-brush entanglements can occur in the
116interdigitated mid-layer region.19,20 By choosing a 42−32
117kDa PS−PDMS diblock, we limit the number of entangle-
118ments across the slip planes. For these molecular weights, there
119would be approximately three entanglements per block,
120assuming that the respective blocks were in their homopolymer
121melts.21 However, in the microphase-separated BCP, the
122entanglements are predominately intra-brush types, located
123closer to the IMDS with relatively few inter-brush entangle-
124ments near the mid-plane of each bilayer,22 suggesting that the
125covalently bonded PS brushes and PDMS brushes will be
126robust units in the deformation and yet afford easy brush−
127brush slip across their mid-layers.6,7,23

128Impacted Sphere Morphologies. Deformation depends
129on the particle’s incident velocity vi and angle of impact Θ to
130the substrate. For particles with a vi <350 m/s, the BCP
131microsphere bounces off regardless of the impact angle,
132consistent with the behavior of many materials impacting a
133rigid substrate at low velocity and the earlier Θ-LIPIT
134investigation on PS-b-PDMS.17 For vi = 360 m/s, 90° impact,
135the particle adheres and deforms into an axisymmetric bell
136 f2shape (Figure 2) with a smooth, round, upper surface that
137transitions to a broad flattened bottom region. Cross-sectional
138images show that the layers in the top portion of the projectile
139remain approximately concentric and circular with an average
140layer period d0 equal to that of the original material, consistent
141with the external profile shape of the top portion as an
142undeformed spherical cap. The deformation creates a sharp
143axisymmetric mechanical tilt boundary from the original sphere
144center extending along the diagonal to the outermost
145peripheral edge and separating the highly deformed bottom
146portion from the less deformed upper region (Figure 2c). Since
147a particular shell volume and shell IMDS area strongly decrease
148with a decrease in the shell radius, the shells nearer the particle
149center must deform more extensively. Thus, the greatest layer

Figure 1. Initial microparticle specimen projectile. (a) A cross section of a microparticle made using FIB and imaged by SEM showing the
concentric layers of PS (dark) and PDMS (bright). (b) Cross-sectional schematic. PS layers are dark blue and PDMS layers are light green in this
and all other schematics. (c) Enlarged schematic of the molecular packing within the undeformed layers. The covalent junctions (dots) connecting
the PS and PDMS blocks are located on the IMDS. The two sets of polymer brushes come into contact at the respective mid-layer slip planes. (d)
Θ-LIPIT schematic of 90° and Θ° LIPIT impacts of BCP concentric microspheres.
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150 thinning takes place in the region just below the particle center.
151 Depending on the impact velocity and location within the
152 particle, the deformed layer period d can be as small as ∼20
153 nm, indicating a very large compression ratio (d0/d) over
154 ∼250%. Strong gradients in layer thickness, layer shape, and
155 layer orientation develop due to the variation of the local
156 loading state and the systematic variation of the layer
157 circumference and orientation of the concentric shells.
158 With increased vi, at 90° impact, the particle becomes even
159 more flattened, with greater lateral area and an overall lens-like

f3 160 shape (see Figure 3). As occurs for the lower-velocity impacts,
161 a prominent kink boundary spans from the sphere center
162 radially outward to the bottom periphery. The upper surface
163 shows one or sometimes two step-like features, usually
164 asymmetrically shifted off-center, arising from additional pairs
165 of kink boundaries (orange arrows in Figure 3c). At the highest
166 velocity (vi ∼600 m/s), there are strong gradients in the shell
167 thickness along the normal to the substrate and along the kink
168 boundary. The average strain rate (see the SI, Section 5) is
169 estimated to be ∼107 s−1. The impact severely compresses the

170layers approaching the particle center, making it difficult to
171distinguish individual layers in the SEM image, while closer to
172the substrate, the thicker layers can be resolved (Figure 3c).
173The layer repeat along the kink boundary near the center has
174increased by ∼500%, while at the periphery, the increase is
175∼30%. Due to the greater mechanical contrast between the PS
176and PDMS in regions where the temperature rise due to
177adiabatic heating and viscous work is more modest, increased
178deformation along the kink boundary occurs by lateral
179separation of sets of nested shells due to mid-brush
180delamination exclusively within the more mobile, low Tg
181PDMS layers. The separation takes place by the successive
182pulling apart of the PDMS bilayer brushes, followed by fusing
183of the remaining PDMS brush to reform the PDMS bilayer.
184The pulling apart occurs via nucleation of pairs of +1/2 and
185−1/2 circular disclination loops within a given PDMS layer (see
186Figure 3d). Due to the successively smaller shell circumference
187approaching the particle center, the slip distance between the
188opposite sign disclination cores must increase approaching the
189particle center. In the upper region of the deformed particle
190where the temperature rise is relatively lower, the PS layers
191show local thinning characteristic of necking. At the top center
192of the deformed particle associated with the small dimple
193region, layer bucking appears, likely due to the partial
194retraction of the expanded, necked layers after particle arrest
195(see the large blue arrow in Figure 3c). Annealing of impacted
196particles (150 °C, 1 h) demonstrates that the highly
197compressed blocks reorganize into considerably fewer shells
198having the original ∼50 nm period thickness, but since the
199overall particle shape stays as a flattened disc, the kink
200boundary remains (Figure S7a,b). Overall, at sufficient impact
201velocity, the spheres deform and adhere to the substrate but
202present a relatively thick, nonuniform structure.
203To enhance the possibility for layer transfer and film
204formation on the substrate, spheres were impacted at Θ of 70,
20555, and 45°. Now, the deformed shape of the particle is no
206longer axisymmetric due to the increased tangential velocity
207 f4f6component inducing more unidirectional shearing (Figures
208 f4f5f64−6 and Figure S2). Since the compressional forces are lower,
209lateral spreading and particle adhesion are less and the tensile

Figure 2. Spheres impacted at 90° for vi = 360 m/s. Top (a), tilted
(b), and cross-sectional SEM images (c) showing gradients in layer
thickness and in spacing of the layers along the kink boundary that
extends from the sphere center to the outer bottom periphery.

Figure 3. Spheres impacted at 90° for vi = 560 m/s. Top (a), tilted (b), and cross-sectional SEM images (c). The surface steps evident in the
topmost particle region (a, b) are due to the formation of pairs of kink boundaries, as observed in (c) (denoted by pairs of horizontal orange
arrows). The cross section in (c) shows the prominent radial kink boundary (vertical orange arrows) with the expanded layer spacing along the
boundary greatest near the particle center. PS layer buckling and necking occur due to partial layer recovery in the central top region (blue arrow).
(d) Schematic depicting the nucleation of +1/2 and −1/2 disclination loop pairs within the PDMS layers along the kink boundary.
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210 rebound force normal to the flattened bottom layers can
211 induce local detachment of the particle from the substrate,
212 along with layer expansion, delamination, and cavity formation
213 (observed exclusively between the PDMS brushes (Figure
214 4b)). However, most interestingly, for 55 and 45° impacts at
215 the highest velocities, large regions of the substrate become
216 covered with a thin polymer film. Here, frictional shear forces
217 cause layers to adhere to the substrate via slip and pull out of a
218 complete PS bilayer with its surrounding upper and lower
219 PDMS brushes (i.e., one lamellar repeat unit: PDMS-b-PS PS-
220 b-PDMS). As a result, the substrate becomes covered with a
221 stepped multilayer film with discrete, individual deformed layer
222 period steps in height (Figure 5c and Figure S9). This unique
223 deformation behavior is very different from that of quasi-static
224 deformation of lamellar BCPs9,10 as well as the prior LIPIT
225 research.17 Indeed, in the previous research on PS-b-PDMS
226 particles (with approximately 2× higher molecular weight
227 blocks and disorganized, irregularly shaped microdomains),
228 100% of the 45° impacts at similar vi rebounded from the
229 substrate without leaving any adhering polymer due to the lack
230 of well-defined slip planes within the projectiles. On the other
231 hand, with particles having well-defined slip planes and low
232 entanglements across these slip planes, layer transfer and
233 continuity readily occur.
234 Numerous highly drawn ribbon fibrils extend from the
235 adhered film and arrest the (often rotated) particle (Figures 4c
236 and 5a and Figure S8). Figure 5b shows the cross-sectional
237 schematic of the nested and laterally displaced shells with the
238 appearance of the positive and negative 1/2 disclination lines
239 due to the delamination of adjacent PDMS brushes and
240 subsequent extensive slip (e.g., in Figure 5b, the PDMS layer is

241pulled away and typically slips a fraction of a micron distance
242over the neighboring PDMS brush, allowing the upper and
243lower parts of the PDMS layer to fold toward each other and
244fuse together). Surprisingly, the ribbon fibrils are comprised of
245thinned but unmixed PS and PDMS layers, suggesting that the
246pair of A and B block brushes covalently connected across the
247IMDS act as a robust unit in the deformation (Figure S4). This
248behavior is contrary to that accepted for quasi-static room
249temperature deformation of glassy BCP lamellae where a craze
250fibril morphology forms in the plane of the lamella with the
251chains assumed to have become mixed and oriented parallel to
252the fibril axis with fibril extension ratios of around 400%.24

253These novel layered ribbon fibrils can exhibit high (many 100 s
254%) extension ratios and with only a small amount of recovery,
255as evidenced by their small retraction after failure (Figure S5).
256Whether a homogeneous and oriented mixture of the two
257blocks occurs within the ribbon fibrils and the deposited layers
258depends on the nature of the deformation units and on the
259degree of segregation. The segment−segment interaction
260parameter χ(T) between PS and PDMS is quite large, and
261for the 42−32 kDa BCP, the equilibrium order−disorder
262transition temperature (TODT) is estimated to be ∼1000 °C
263(calculation in the SI), suggesting that block mixing during
264deformation is highly unfavorable. However, the effective TODT
265during an impact event also depends on the pressure28 as well
266as the imposed mechanical strain to the specimen.29 Hydro-
267static pressure generally raises the ODT due to an increase in
268the system volume upon mixing, while extensive layer
269deformation lowers the ODT due to the unfavorable chain
270conformations. Hydrocode simulations of particle impact to a
271glassy homopolymer PS at these velocities show that the

Figure 4. Θ-LIPIT particle impacts and friction-induced stepped layer transfer to the substrate. Top views (small insets) and cross-sectional SEM
images of impacted spheres for Θ of 55° (a) and 45° (b, c). Particles exhibit a kink boundary running from the center to the periphery. The blue
arrows in (a, b) point to the bottom regions of the particle that were or are still adhering to the substrate and, as the particle tried to rebound,
caused tensile stresses accompanied by delamination−cavitation within the bottommost PDMS layers. (c) At higher impact velocities, Θ = 45°
particles slide over the substrate depositing ultra-sheared layers (yellow arrows). The layers are connected to the mushroom-shaped particle cap by
long fibril ribbons (green arrows) drawn from the layers. (c3) Higher magnification cross-sectional image of the rotated cap region showing the
formation of multiple kink boundaries. The bottom layers successively experience compression and strong shear and then tension as the particle
tries to rebound from the surface.
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272 compressive shock wave creates a several GPa step jump in
273 pressure that is released within ∼100 ps13. The initial jump in
274 temperature due to shock compression slightly lags that of the
275 pressure rise. Importantly, the temperature can continue to rise
276 with heating persisting for much longer times due to the
277 substantial amount of visco-plastic work occurring in the
278 deforming particle. Together, the initial shock compression
279 and visco-plastic work rapidly heat the particle to an average
280 particle temperature estimated to be ranging from 150 to 370
281 °C (SI, Section 2). High pressure also raises the Tg of the
282 blocks, but due to the short high-pressure duration compared
283 with the duration of the temperature increase, the Tg of each
284 block will drop back to its ambient pressure value well before
285 the specimen temperature falls. Thus, in regions of high
286 deformation, both blocks will have good mobility during most
287 of the impact event. The block polymer chains will tend to
288 partially relax to relieve the strong alteration of the chain
289 conformations, but the higher Tg PS domains freeze-in the
290 highly deformed structure. The cross-sectional images showing
291 the strongly altered domain dimensions and shapes within the
292 adhered particle and across the transferred film (Figures 2−5
293 and Figures S2−S4) suggest that the blocks do not mix during
294 deformation and film transfer. Moreover, without PS

295continuity and purity, a (partially) mixed and highly
296fragmented block structure could not resist the relaxation
297that would occur from a rather low effective Tg and/or
298discontinuous PS domains.

299■ CONCLUSIONS
300As evident from the analysis of the SEM micrographs and the
301AFM images of Θ-LIPIT experiments, the pair of block
302brushes covalently connected across the IMDS constitute a
303robust layered deformation unit that can undergo extensive
304shear over the lamellar brush−brush slip planes and undergo
305tensile delamination across the rubbery brush−brush layers
306under ultrahigh strain rate conditions. The primary deforma-
307tion processes that take place are schematically depicted in
308Figure 6. The state of stress depends on vi and Θ and on
309location and time. Impact of the particle results in initial
310adiabatic shock compression that elevates the sample temper-
311ature above the Tg of the PS block, allowing visco-plastic
312particle flattening and layer shear thinning over the intra-layer
313slip planes of both PS and PDMS. At normal incidence, the
314approximately axisymmetric lateral spread of the particle is
315accompanied by the formation of a radially oriented kink
316boundary, allowing the layers to flatten and become more
317parallel throughout the particle. The kink boundary exhibits a
318strong gradient in the length of the PDMS layers due to
319nucleation and lateral separation of pairs of +1/2 and −1/2
320disclination loops within each rubbery PDMS layer. At low
321impact velocities, the kink boundary separates a more highly
322deformed lower region from a less deformed upper region
323(Figure 6a,b). Importantly, for off-normal impact, the
324enhanced lateral forces trigger large unidirectional shear by
325lateral displacement of the −1/2 disclination defects across the
326PDMS brush−brush slip planes. Additionally, tensile forces
327due to particle recoil and friction-induced particle rotation
328cause brush−brush delamination exclusively within the PDMS
329layers (Figure 6c,d). For high-velocity impacts at Θ = 55 and
33045°, the facile brush−brush layer slip enables successive
331detachment of discrete PDMS-b-PS PS-b-PDMS layers from
332the particle as it slides across the substrate, leading to transfer
333of an ultrathin film with an initial thickness of a single lamellar
334period (∼50 nm) and steadily increased thickness in discrete
335single period steps across the substrate (Figures 5c and 6d and
336Figure S6). Overall, adiabatic heating-induced thermal soften-
337ing during LIPIT enables the activation of the mid-layer brush
338slip planes, resulting in extensive energy dissipation via visco-
339plastic shear, tensile delamination, frictional deposition of
340layers, and drawing processes during impact without the usual
341deformation-induced chain orientation typical of polymeric
342materials. The possibility to use such particles with well-
343defined and easy slip planes for cold spray deposition of
344uniquely structured polymer coatings seems promising.

345■ METHODS
346Materials. The PS-b-PDMS diblock copolymer was synthesized by
347Dr. G.-M. Manesi in the group of Professor A. Avgeropoulos
348(Ioannina University, Greece) using sequential anionic polymer-
349ization of styrene and hexamethylcyclotrisiloxane according to
350procedures already reported in the literature.30 The number average
351molecular weights are PS 42 kg/mol and PDMS 32 kg/mol, and the
352volume fraction of PDMS is approximately 45%, with a dispersity (Đ)
353of 1.04. The 5.1 μm pore diameter SPG (Shirasu Porous Glass)
354membrane was purchased from SPG Technology Co., Ltd.
355Concentric Lamellar BCP Microsphere Fabrication. To form
356uniform-size microspheres, a microemulsion procedure established by

Figure 5. Friction-induced slip steps via layer deposition. (a) (Left)
Top view SEM image of the arrested particle with ribbon fibrils
connecting the adhered layers to the particle cap. (Right) Higher
magnification showing details of the stepped surface of the deposited
layers. (b) (Left) Cross-sectional SEM image of a set of deposited
layers. (Right) Schematic of the laterally sheared peripheral region of
the lamellar BCP showing the formation of a Grandjean terrace-like
structure.25−27 As a result, a s = +1/2 disclination is located at the
initial delamination position, and a s = −1/2 disclination is positioned
where the PDMS brushes rejoin. (c) SEM image and corresponding
z(x) height profile from an AFM image of the laterally displaced and
drawn concentric layers deposited on the substrate via ultra-shear in
the outer regions of a particle for 580 m/s impact at 45°. Drawn fibrils
and elongated voids aligned along the shear direction are evident
within the leftmost initial deposited layers.
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357 Kim et al. was employed.18 We used a 0.3 wt % block copolymer
358 solution in chloroform to form the dispersed phase in DI water with
359 polyvinyl alcohol (PVA; MW = 13−23 kg mol−1, 87−89%
360 hydrolyzed, purchased from Sigma-Aldrich) as the surfactant. With
361 the help of nitrogen gas, the polymer and solvent (2 mL) were forced
362 through a 5.1 micron pore diameter SPG membrane, forming a
363 narrow size distribution of microspheres stabilized by the surfactant.
364 Subsequently, the beaker containing the particles was left open for at
365 least 12 h at 30 °C to completely remove the chloroform via slow
366 dissolution into the water and then evaporation from the water
367 surface. To remove the PVA surfactant, the solid microspheres were
368 washed, centrifuged at 11,000 rpm for 8 min, and redispersed in DI
369 water three times.
370 Slice and View SEM. A high-energy Ga+ ion beam (30 keV, 80
371 pA) was used to mill away a section of a particle, and then a low-
372 energy electron beam (1 keV, 50 pA) was directed at the surface and a
373 secondary-electron image recorded (Figure S1) via a through lens
374 (TLD) secondary-electron detector. The excellent ion milling
375 behavior and the intrinsic large difference of the low-voltage
376 secondary electron emission between the silicon-containing PDMS
377 regions (bright) and the hydrocarbon PS regions (dark) allows for
378 detailed cross-sectional visualization and analysis of the deformed
379 microparticles. Before milling the FIB cross sections, the impacted
380 particle was first coated with a protective layer of Pt-C.
381 AFM. Tapping mode on a multimode AFM (Bruker’s Dimension
382 Icon) was used to probe the height profiles of deposited layers and
383 roughness of the substrate. Data were processed using Gwyddion
384 software.
385 Launch Pad Preparation. The launch pad used for shooting the
386 microparticle projectiles is similar to previous LIPIT studies.31 The
387 polymer microspheres suspended in water were drop cast onto the
388 launch pad and spread across the surface via a standard lab wipe
389 (Kimberly-Clark Kimwipe).
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