
Materialia 10 (2020) 100642 

Contents lists available at ScienceDirect 

Materialia 

journal homepage: www.elsevier.com/locate/mtla 

Full Length Article 

The role of strain localization on the electrical behavior of flexible and 

stretchable screen printed silver inks on polymer substrates 

Gabe Cahn 

a , Alejandro Barrios a , Samuel Graham 

a , Jeff Meth 

b , Antonia Antoniou 

a , ∗ , 

Olivier Pierron 

a , ∗ 

a G.W. Woodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA 30332-0405, USA 
b Electronics and Imaging, DuPont Co., Wilmington, DE 19803-0336, USA 

a r t i c l e i n f o 

Keywords: 

Screen printed silver inks 

Flexible and stretchable electronics 

Strain localization 

Electrical resistance 

a b s t r a c t 

This work explores conductivity under applied uniaxial strain of two silver-based inks with similar flake volume 

fractions of ~50% that are screen-printed with a single pass (thickness: 10 μm) onto three different polymer 

substrates. The normalized resistance increases more rapidly with applied strain for the “flexible ” ink (5025 with 

an acrylic binder), and has three times greater resistance at 35% strain when compared to the “stretchable ” ink 

(PE874 with polyurethane binder). While resistance increase is qualitatively consistent with percolation theory, 

the in-situ strain map analysis and post-mortem fractography reveal drastic differences in the root causes of the 

inks’ electrical behavior. Both inks form strain localization bands with similar spacing. For the flexible ink (5025), 

strain localization is accompanied by local necking and flake fraction reduction. For the stretchable ink (PE874), 

strain localization is associated with surface cracking initiated by pre-existing voids, with minimal changes in the 

flake fraction. A model incorporating strain localization through a Gaussian distribution of flakes evolving with 

applied strain more closely accounts for the 5025 ink’s normalized resistance increase compared to models that 

assume uniform strain and a uniform flake distribution. Overall, local necking and reduction of the flake fraction 

appear to be more detrimental to the resistance than the formation of surface cracks. 
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. Introduction 

Electronic devices are prevalent throughout personal and profes-

ional life activities; communication [1] , health and environmental

onitoring [2 , 3] , energy capture [4] and storage [5] are only a few

f the numerous applications in regular use. As these product markets

volve, and new ones emerge, so do desired uses extend beyond those

or conventional rigid circuit boards. Many of the new devices must

onform to nonplanar, organic surfaces, such as skin. Such applications

equire electronics to operate effectively after, and often during, expo-

ure to high strain (for example, up to 30% for wearable applications).

n short, they must be bendable, stretchable, and otherwise flexible, and

esearchers have increasingly risen to the challenge [6] . 

Several types of compliant conductors [7 , 8] are in development to

atisfy strain requirements, each with mechanical limitations. Metals

nd carbon have shown promise when deposited as surface film coatings

9–11] onto, or embedded as nanowires or nanotubes [12–17] within,

olymeric substrates to form conductive circuit traces. One drawback

f thin metallic films is their substantial elastic property mismatch with

he polymer substrate, often leading to early degradation of the electri-
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al behavior due to cracking. Numerous studies have investigated the

icrostructural effects on onset of cracking in such films [18–28] . Con-

uctive polymers are also useful as films [29–31] , and have even been

unctionalized for actuation [32–34] , but may irreversibly deform and

e-bond when elongated. More complex architectures are formed when

etallic interconnect structures, such as micropillar arrays [35] , ser-

entine lines [36] , and buckled films [37] , are attached to elastomers,

owever they are similarly susceptible to irreversible elongation and

elamination from substrates. Finally, hybrid conductors are created

hen conductive filler particles are added to a polymer binder [38–

0] . At a certain filler volume fraction threshold, these independent

articles form a cohesive percolation network, across which current can

ow. When strained, the conductor volume will initially increase. This

henomenon is relatively isolated to the polymer matrix, resulting in

 decrease of conductor volume fraction, which may result in a de-

rease in conductivity with potential breakdown of the percolation net-

ork. Consequently, hybrid conductors with polymer matrices having

arge Poisson’s ratio, 𝜈, around 0.5, are expected to electrically perform

etter under strain. The first motivation of this work is to experimen-

ally check this effect by comparing two commercially-available hybrid
me.gatech.edu (O. Pierron). 
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Fig. 1. (a) Optical image of the 5025 specimens showing sample design and trace width variations (b-f) Plan view SEM images of the unstrained ink surface. (b)–(c) 

Show ring like surface defects at two magnifications. (d)–(e) show the ink surface at different magnifications. The silver flakes appear randomly dispersed on the 

surface. 
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onductors whose main difference is the polymer binder (viscoplastic vs.

lastomeric) having different Poisson’s ratios, 𝜈 ( 𝜈 ~ 0.35 vs 0.48) and

ame silver flake type and volume fraction. Two screen-printed (nomi-

al thickness: 10 μm) silver inks, with similar Ag flake volume fractions

f ~50%, were investigated. The first ink (5025) has flakes embedded

n an acrylic binder ( 𝜈 ~ 0.35), while the second ink (PE874) consists

f flakes embedded in a polyurethane binder ( 𝜈 ~ 0.48). The choice of

he binder is related to the type of substrate on which the inks are in-

ended to be attached and the overall targeted applications (flexible vs.

tretchable/wearable electronics): 5025 is a “flexible ” ink and PE 874

s a “stretchable ” ink. 

First order approximations and models [41] are used to predict elec-

rical performance in hybrid conductors. They assume uniform distri-

ution of filler material, as well as uniform deformation. These models

gree with experimental data for low applied strain [40 , 42] , but not

t large strains when non-uniform deformation is expected to occur.

herefore, the second motivation of this work is to investigate the be-

avior of hybrid conductors at larger applied strains (up to 35%). To

o so, this work employed an in-situ 2 testing approach [43] , whereby

esistance measurements are taken throughout sample straining, while

ptical images of ink surfaces are simultaneously captured at regular

ntervals. In-plane strain maps are obtained from the surface images.

ost-mortem Focused Ion Beam (FIB) cross sections observed under the

canning Electron Microscope (SEM) are created to further understand

he local architecture evolution due to straining and its role on resis-

ance evolution. Overall, this investigation highlights that understand-

ng the origin of strain localization is key to developing models capable

f predicting the inks’ electrical behavior under large strains. 

. Methods 

.1. Specimen geometry and ink properties 

In this work, 5025 and PE874 inks from DuPont were sepa-

ately screen printed onto polyethylene terephthalate (PET), Kap-

on® polyimide (PI), and thermoplastic polyurethane (TPU) sub-

trates. The printing was performed at the DuPont Applications Lab-

ratory with tightly controlled proprietary processes that have been
ptimized over years for the different inks and substrates. Substrate

hicknesses were 127 μm for PET and PI, and 89 μm for TPU. A single

ass screen print of these inks yields a nominal thickness of approxi-

ately 8–10 μm. The inks are then cured at 130°C for 15 min. Fig. 1 in-

ludes an optical image of 6 specimens printed onto PET with 5025 ink

f varying widths from 0.1 to 2 mm (only the 2mm trace width spec-

mens were used in this study). The specimens also include tick marks

paced 2 mm apart for spatial reference and test pads for 4-point resis-

ance measurement. 

5025 ink is composed of silver flakes embedded in a polymer matrix

ith an acrylic binder. The reported flake density is 50% by volume.

E874 contains the same volume fraction of silver flakes, but differs

rom 5025 by employing a polyurethane binder. Fig. 1 (b)–(f) shows SEM

mages of the inks’ surfaces at increasing magnifications. Qualitatively,

he surfaces demonstrated no distinguishing physical characteristics in

he unstrained condition. Ring-like defects (see Fig. 1 (b) and (c)) are

ttributed to the printing process, and are likely artifacts of emulsion

ubbles popping. Flake dimensions qualitatively range from hundreds

f nanometers to tens of microns, with no obvious arrangements or con-

entrations. 

The Young’s modulus of 5025 is estimated to be 5 GPa, and that

f PE874 is 1.5 GPa. PE874 is intended to be printed upon TPU sub-

trates, with modulus on the order of MPa, while 5025 is considered

ore appropriate for PET and PI, whose moduli were measured to be

pproximately 2.5 and 3.5 GPa, respectively. This is to reduce modulus

ismatch between substrate and film. Similarly, Poisson ratios of the

ybrid inks are estimated to be 0.35 for 5025, and 0.48 for PE874. Pub-

ished sheet resistivity values are between 12 and 15m Ω/sq/25μm for

025, and < 75m Ω/sq/25μm for PE874. 

.2. In-situ 2 setup 

Uniaxial tension tests were conducted on a Linkam Scientific TST350

icrotensile Test Stage. This setup is designed for use in conjunc-

ion with both standard and transmission optical microscopes. Posi-

ion resolution in this system is 10 μm (corresponding to a resolution

f 0.03% in strain) [44] . Fig. 2 depicts a sample in the stage under
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Fig. 2. Test fixturing and in-situ images: (a) 

Microtensile stage under confocal microscope 

(b) sample loaded in microtensile stage with 

custom 4-point resistance measurement clamp 

(c) 1mm wide 5025 ink trace on PET (d) mag- 

nified 5025 ink surface. 
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 microscope. Custom clamps were designed such that the one end

ontains four spring loaded contacts attached to electrical leads (see

ig. 2 (b)). As the clamps are tightened, contact is made with the four

ads of the sample, with minimal depression. Leads coming off of the

ads connect to an Agilent 34401a digital multimeter for in-situ resis-

ance measurement. To eliminate slippage of high modulus substrates

hen loaded, the samples were attached to the clamps using commer-

ial adhesives, either glue or double sided tape. Testing and data col-

ection was handled through Labview, which allowed for proper time

yncing of load and displacement measurements from the tensile test

tage with resistance measurements from the multimeter. The sampling

ate for data collection was approximately 2Hz. All strain experiments

ere performed using an applied strain rate of 50 μm/s. Experiments

ere halted when measured resistance values became unstable, vary-

ng erratically, indicative of an open circuit within the ink, or when

he load values in the sample approached the 200 N limit of the test

tage. 

Optical images were taken periodically using an Olympus LEXT 4100

onfocal microscope, which is capable of both optical imaging, as well as

aser profilometry. The surface roughness of these inks was on the order

f 1μm RMS, with peak and valley disparities of several microns, well be-

ond the depth of field of standard optical scopes. This equipment takes

ncremental height scans, and uses software to stitch them into a cohe-

ive image. Images were sampled at specified values of strain, whereby

he test was halted for durations of no more than 3 minutes to allow

he microscope to complete its scans under static conditions. Fig. 2 (c)

nd (d) shows 5025 ink sample images taken at 10 × and 50 × magni-

cation, with spatial resolutions of 1.25 μm/pixel and 0.25 μm/pixel,

espectively. These image sets were later used for in-plane strain map

nalysis. 
a  
.3. In-plane strain maps 

High magnification optical images were taken in-situ at regular in-

rements of strain. These image sets were then processed using an open

ource digital image correlation software, Ncorr, created at Georgia

ech [45] . Plane view images of the ink samples in the unstrained condi-

ion were used as reference images. The flakes and matrix forced a nat-

ral contrast that was used to track the local displacement field. Ncorr,

ike other subset-based DIC algorithms, divides a patterned image into

maller areas (subsets) and monitors their movement in subsequent im-

ges that are obtained during deformation, e.g. uniaxial stretching of

he inks. 

The analysis provides in-plane displacements u and v with sub-pixel

esolution for each subset center, since deformation in each subset is

ssumed to be a linear, first order transformation. Both the subset radius,

 s , as well as the subset overlap can be varied. Ncorr obtains in-plane

trains from the gradients of a least-square plane fit over a group of

ubset center points of size w e from the displacement field. 

The DIC parameters, r s and w e , were determined from a Rigid Body

ranslation (RBT) analysis of two reference images of each ink. The ref-

rence images were taken prior to each strain test, whereby the trans-

ated image was obtained by shifting the sample stage beneath the scope

ens by a few millimeters in a single direction. Any deviation from zero

no strain) in the resulting Ncorr analysis will give the uncertainty in the

easured displacement or strain under uniform stretch of a given pat-

ern. This error was calculated for different values of the subset radius

nd strain window with the minimum substep overlap of 1 pixel, pro-

iding a low bound estimate of the error in the strain field assuming that

he deformation is uniform. Based on the above evaluation, subset radii

f 10 pixels and strain radii of 5 pixels were selected for all subsequent

nalysis. Given the optical image resolution of 4 pixels per micron, this
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Fig. 3. SEM cross sections of both inks, taken at 52° tilt: (a) 5025 flexible ink, unstrained (b) PE 874 stretchable ink with voids, unstrained. The silver flakes appear 

light gray in color while the binder is darker gray. Voids are apparent in PE874 as darker (nearly black) areas. 
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ranslates to subset and strain windows sizes of 5 sq. μm and 2.5 sq. μm,

espectively. The above subset window radius and strain window gave

n error of 0.5% for the 5025 and 1.2% for PE874 in the direction of

ample elongation. 

.4. Fractography 

In order to quantify and understand the effect of straining on the

nks’ architecture (and especially the flake fraction), cross sections of

pecimens before and after mechanical testing were obtained using a

ocused ion beam (FIB) FEI Nanolab 200. Gallium ions were used to

ill rectangular regions of the ink so as to expose the through thick-

ess ink morphology e.g. height, flake fraction, etc. Platinum deposits

f 1-2 μm were placed in cut areas ahead of time to preserve surface in-

egrity. Post experiment cross sectioning also took place for comparative

nalysis. FIB cuts were initially made at 30 kV and 3 nA, followed by

 polishing section cut at 0.3 nA to remove any atomized material that

ay have deposited onto the section surface during milling at higher

urrent. After sectioning, samples were rotated 52° for SEM imaging.

hickness measurements were corrected for this angle. 

Once captured, through thickness SEM images were used to identify

haracteristics of each ink before and after straining. This included ink

hickness and area fraction of conductive filler. Using ImageJ [46] , a

ava-based image processing tool, screen shot images were converted

o 8-bit data files. The images were binarized and statistics of the flake

rea fraction and local ink height were obtained along the width of the

30 μm wide FIB sections. 

. Results 

.1. Initial characterization 

Fig. 3 compares the respective cross sections of undeformed 5025

nd PE874. In both inks we can see high dispersal of silver flakes, com-

arable to that of their surfaces. Flakes are observed to vary significantly
n dimension, from several μm to hundreds of nm long. Qualitatively,

 large proportion of long flakes, those measuring several μm, are ori-

nted horizontally in line with the print direction. This is potentially

ue to shearing forces imposed during the screen printing process, and

rientation that can occur during the drying process. It is also impor-

ant to note that this cross-sectioning reveals inherent defects (voids)

ithin PE874 that are not found in 5025. A possible reason for the pres-

nce of voids is the higher flake fraction for PE874 versus 5025 (54.5 vs

9%, respectively; see below). When the flake fraction is greater than

he maximum packing fraction for random, loose packing (akin to the

ap density), estimated to be 53%, voids may be created within a coat-

ng due to the porosity of polymer. The flakes do not pack down densely

uring drying, and air is subsequently incorporated into the coating. 

The average initial thickness for 5025 is 9.1 μm, with standard devi-

tion of 0.75 μm, while it is 11.8 μm for PE874, with standard deviation

f 1.1μm. Given these thicknesses, a sample ink trace width of 2 mm,

race length 72 mm, the resistance is predicted using: 

 = 𝜌 × 𝐿 

𝐴 

(1)

here 𝜌 is the resistivity, L length, and A cross section area. Given the

heet resistivity values reported in 2.1, the predicted resistance values

re between 1.2 and 1.5 Ω for the 5025 samples, and less than 5.7 Ω
or the PE874 samples. Average measured resistances are 2.2 Ω with

tandard deviation of 0.17 Ω for 5025 and 2.8 Ω with standard deviation

f 0.47 Ω for PE874. The higher measured resistance in 5025 suggests

hat thickness measurement taken from the cross-section cut does not

eflect the average value within the ink given the variability in thickness

several microns) observed from surface roughness measurements. 

The initial FIB cross sections were used to calculate flake fraction

istributions. Applying a normal distribution to flake fraction values

ver the entire cross section, 5025 presents a mean flake fraction of 49%,

ith standard deviation of 9%. Mean flake fraction in PE874 is higher,

t 54.5% with standard deviation of 10%. The average void fraction is

7% for PE874; these voids vary in size, orientation, and aspect ratio.
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Fig. 4. (a) Normalized resistance with applied strain for the two Ag inks screen printed on different substrates (b) Ratio of relative resistance increase with strain 

between 5025 and PE874 printed onto PET. 

Fig. 5. Optical imaging and in-plane strain ( 𝜀 xx ) for 5025 and PE874 under applied uniaxial far field strain values of 0%, 1%, 5%, 10%, and 15%. (a) 5025 flexible 

ink optical surface images. (b) 5025 strain field overlay. (c) PE874 stretchable ink optical surface images. (d) PE874 strain field overlay. 
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he smallest measure roughly 0.5 μm in diameter. Larger voids are as

ong as 6 μm, but are extremely narrow, measuring only about 0.3 μm

cross. 

.2. Normalized resistance vs. strain 

The resistance in both flexible and stretchable inks increases with

pplied strain. As the initial unstrained resistance value is different be-

ween samples, the resistance values measured under strain are normal-

zed with the undeformed resistance value. Fig. 4 (a) shows the normal-

zed resistance with applied strain for both inks onto the three differ-
nt substrates. The normalized resistance of the flexible ink has a sim-

lar evolution when printed on PET and PI, but for the TPU substrates

TE11C and ST604) the normalized resistance increased at much higher

ates. This is expected, given that 5025 is not meant to be used with TPU,

ue to large elastic modulus mismatch inducing cracking. The stretch-

ble ink (PE874) did not exhibit a sensitivity to the substrate upon which

t was printed, as all of its performance plots closely overlapped. These

ata highlight the importance of substrate on the electrical behavior

nder strain, especially for stiff inks on soft substrates. The rest of this

aper focuses on data obtained on PET substrates, in order to compare

he ink behavior. 
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Fig. 6. Low-magnification top-down or inclined SEM images of both inks, post 35% strain: (a)–(b) Local necking in 5025 flexible ink (c) Surface cracking in PE874 

stretchable ink (d) alignment of internal voids with surface cracks in PE874. 
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Both inks on PET have a linear increase with resistance up to 20%

train after which, the resistance for 5025 rapidly increases. PE874 per-

ormed much better than 5025 with applied strain. Fig. 4 (b) plots the

atio of normalized resistance values between 5025 and PE874 when

trained on PET. The disparity in electrical performance appears to in-

rease linearly, such that by 35% applied strain the normalized resis-

ance increase is 3 times more for 5025 than for PE874. 

.3. Strain Localization 

Fig. 5 (a) and (c) shows optical images of the surface of the two inks

rom 0 to 15% strain (see also the Supplementary Material section for

 more complete set of images from 0 to 35% strain). PE 874 devel-

ps surface cracks that are visible starting ~5-7% applied strain, while

025 exhibits no discernible changes in the optical images with applied

train. The cracks for PE874 are broadly distributed throughout the im-

ge, which suggests a universal response in this ink. 

Fig. 5 (b) and (d) shows the in-plane strain along the stretch direction

 𝜀 xx ) up to 15% applied strain. Color bar scaling is set from 0-100%

train. In both cases, we see that strain localizes in narrow bands that

re initially oriented perpendicular to the direction of applied strain. For

025, the localization begins at low applied strain levels. At 7% applied
train, the strain within the localization bands is 4 times greater than the

pplied strain for 5025 and 3 times greater than the applied strain for

E874. The strain in between the bands is much lower and some regions

ithin the bands can remain undeformed (have zero strain). The very

ow levels of strain are within the resolution limit of the current optical

maging setup and the pattern used e.g. the natural contrast between

akes and binder. We also note that the strain within the localization

ands can be even greater than a factor of 3 or 4 from the applied strain

ince the in-plane “local ” strain is averaged over the subset window size

nd strain window size. The spacing of the localization bands is periodic

nd two-dimensional Fourier transformation of the strain field was used

o identify the band spacing to be 28 μm for 5025, and 32 μm for PE874.

oreover, as the applied strain increases beyond 10%, the individual

ocalization bands begin to also combine along the lateral direction. 

As the bands interconnect, above 15% applied strain, the integrity of

istinct localization bands breaks down, especially for 5025 so that more

reas of the ink are involved in accommodating the macroscopic applied

train resulting in a more even distribution of the field. Strain is there-

ore accommodated in more regions, contributing to largely uniform

eduction in thickness for 5025. Since PE874 exhibited surface crack-

ng, Poisson effects are superseded and significant thickness reduction

s not expected, as shown next. 
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Fig. 7. SEM cross-sectioned areas of both inks, post 35% strain: (a) flake-matrix debonding and extreme thickness reduction (see right end of cross-section) in 5025 

flexible ink (b) expanded and oriented internal voids in PE874 stretchable ink 
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.4. Fractography 

Given that far-field applied strain is largely accommodated through

ocalized band formation for both inks, SEM images of post-test plan

nd through thickness cross-sections (after tests to 35% applied strain)

ere taken to further understand the differences in damage behavior

etween the two inks. Fig. 6 (a) and (c) shows the plane-view surfaces

or each ink after 35% strain. There are marked differences from the

nitial SEM top view images of Fig. 3 . In 5025, significant debonding be-

ween silver flakes and the matrix (that can be better seen on Fig. 7 (a))

ave occurred. Moreover, some regions have undergone extreme reduc-

ions in ink thickness (see Fig. 6 (b)) that appear to also have a lower

ake density compared to surrounding ink space. For PE874 cracks are

resent throughout the area, with spacing of approximately 30 μm that

oincides with the initial localization spacing identified from the strain

aps (see Fig. 5 ). 

Fig. 7 shows two cross-sections of 5025 and PE874. For 5025 the

ame flake-matrix debonding observed at the surface is seen within its

hickness. The overall ink thickness decreased to approximately 4–6 μm,

owever within the local necking areas, thickness decreased to as low as

 μm (see Fig. 7 (a)). In contrast, in PE 874 the thickness only decreased

o approximately 10 μm, with no local necking. Of particular note is

he apparent coalescence and growth of voids within this ink. Orien-

ation and spacing of expanded voids coincide with that of the surface

racks observed (see Fig. 6 (d)). To summarize, the fractography results

ighlight that significant plastic deformation occurs with 5025, resulting

n large thickness reductionespecially within local necking areas. These

arge plastic deformations are consistent with the widespread debonding

bserved between flakes and matrix. In contrast, the widespread cracks

bserved with PE874 have little plastic deformation in their vicinity,

s evidenced by the small thickness reduction in these areas. Instead,

amage/deformation is localized within these cracks. For the two inks,

here is therefore a difference in flake distributions and thicknesses that

hould impact electrical resistance increases differently. 

Figs. 8 and 9 compare the height and flake fraction distribution plots

btained from the binarized cross-sections shown in Figs. 3 and 7 , for

025 and PE874, respectively. The flake fraction along the cross-section

ength was calculated and normal distribution curves were fit to the

ata. For 5025, the flake fraction average changes from 49% to 35%

p  
fter straining. Within the local necking regions of the ink, this fraction

verages about 25%. This is significant, in that both the thickness and

ake fraction are known to negatively impact the resistance in these

ocal areas. PE874, exhibits minimal changes to thickness and maintains

ts mean flake fraction value of 54.5%, with a slightly higher standard

eviation of 11%. But void fraction increases to 24.7%, a 45% increase

ompared to the initial 17% void fraction. It is important to note that

hese voids do not appear to cover the full through-thickness of the ink,

owever their vertical height is extensive. As such, while there are no

ignificant reductions in overall ink thickness with PE874, the effective

ocal thickness is reduced after the appearance of the surface cracks.

ithin the cross section captured, an area below a grouping of voids

easures 1.4 μm in height, comparable to that of 5025. However, mean

ake fraction in this area is significantly higher, at 42%. 

. Discussion 

Connecting the observed increase in resistance with the relevant un-

erlying physics is necessary to provide insight, and for enabling future

aterial improvements. For such inks, the electrical conductivity of a

ercolating network of silver flakes can be related to applied strain that

lso causes the sample volume to initially increase, due to Poisson’s ef-

ect [41] . The increase in the sample volume is mainly due to the in-

rease in volume of the polymer matrix, which leads to a decrease in

he silver flake fraction and, subsequently, a decrease in the electrical

onductivity. Therefore, such percolation models show that as the strain

ncreases, the conductivity decreases, and the resistance increases. For

uch models, the spatial distribution of filler material was assumed to be

niform [41] . Ergo strain distribution is uniform, i.e. , there is no strain

ocalization. To describe this affine transformation, the expression for

he electrical conductivity according to Mamunya [41] is: 

𝜎

𝜎𝑐 
= 1 + 

( 

𝜎𝑚 

𝜎𝑐 
− 1 

) [ 
𝜑 − 𝜑 𝑐 

𝜑 𝑚𝑎𝑥 − 𝜑 𝑐 

] 𝑠 
(2)

here, 𝜎 is the conductivity of the composite, 𝜎c is the conductivity of

he composite at the percolation threshold, 𝜎m 

is the conductivity of the

etal, 𝜙 is the silver flake fraction, 𝜙c is the flake fraction defining the

ercolation threshold, 𝜙max is the maximum flake fraction, and s is the

ower law exponent. The change in the flake fraction of a sample subject
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Fig. 8. 5025 flexible ink height and flake fraction: (a) height distribution, unstrained (b) flake fraction, unstrained (c) height distribution, post 35% strain (d) flake 

fraction, post 35% strain. 

Fig. 9. PE874 stretchable ink height, flake, and void fraction: (a) height distribution, unstrained (b) flake fraction, unstrained (c) void distribution, unstrained (d) 

height distribution, post 35% strain (e) flake fraction, post 35% strain (f) void fraction, post 35% strain. 
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Fig. 10. Numerical model predictions: (a) conductivity (log scale) with increasing volume fraction for both inks ( Eq. (2) ) (b) average flake volume fraction with 

strain ( Eq. (3) ) (c) and (d) numerical model predictions of normalized resistance ratio vs. strain for 5025 and PE874, respectively. 
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o uniaxial strain is 

 ( 𝜀, 𝜈) = 

𝜑 0 
( 1 + 𝜀 ) ( 1 − 𝜈𝜀 ) 

(3)

here the denominator represents the increase in volume of the sample,

0 is the initial flake fraction, and 𝜀 is the strain. Eq. (3) accounts for

hrinkage in only the thickness dimension (i.e. assuming no decrease in

idth as a simplification). Combining Eq. (2) and (3) gives the relative

onductivity ratio as a function of strain, the inverse of which provided

he resistivity ratio. When the line is stretched, the relationship between

esistivity and resistance (see Eq. (1) ) must also include the effect of

train on ink length, L and cross-sectional area, A: 

 𝜀 = 

𝜌𝜀 𝐿 ( 1 + 𝜀 ) 
𝐴 ( 1 − 𝜈𝜀 ) 

(4) 

The above relations are modified to include the effects of strain local-

zation through inclusion of a spatial inhomogeneity of the flake frac-

ion, as measured in Figs. 8 and 9 . For the unloaded 5025, the flake

raction can be represented by a Gaussian distribution, with a mean of

9% and a standard deviation of 9%. After being strained to 𝜀 = 0.35,

he flake fraction distribution shifted to a mean of 35 % with a standard

eviation of 11%. The effect of an evolving flake distribution with strain

an be obtained through modification of Eq. (2) , where the conductiv-

ty along a printed line can be divided into a series of short segments,

ith the loading in each segment distributed in a Gaussian fashion. The

rigin of the disparate flake fraction areas may be the strain localization

hat creates segments that have low flake fraction, and low conductiv-

ty, which exacerbates the increase in resistance of the printed line as a

hole. 

The impact of the uniform vs. localized strain on the resistance is

xamined for the 5025 ink through an evolving vs. non-evolving silver

ake fraction distribution. For both models, these are the parameters
sed for 5025: 𝜈 = 0.35, s = 2, 𝜑 c = 0.13, 𝜎𝑚 ∕ 𝜎𝑐 = 10 6 , and 𝜑 max = 0.8

see Fig. 10 (a)). The ratio of the increase in resistance is very sensitive to

actors like the percolation threshold, which is not known for the silver

akes used here. For spheres, the percolation threshold is 𝜑 c = 0.18, but

t will be lower than that for flake particles [41] . Under uniform strain

he model, per Eq. (2) , with an average loading expression predicts a

.6 times increase in resistance at 35% strain for the 5025 ink, which

s much lower than the observed increase in resistance. Under localized

train, modeled by allowing the local flake fraction to follow a Gaussian

istribution, the resistance is predicted to increase by a factor of 15 at

5% strain, which is similar to the experimental value (see Fig. 10 (c)).

learly incorporation of a non-uniform loading, as a way of accounting

or the strain localization impact, results in a much higher increase in

he resistance of a printed line. 

For the PE874 ink only the following parameters are different from

hose used for 5025: an initial volume loading of 55%, and 𝜈 = 0.476. For

 non-evolving flake fraction distribution, Eq. (2) predicts the resistance

ncrease to be 2.3 times higher, not very different from the 2.6 resistance

hange for 5025. Incorporating the measured Gaussian distribution (see

ig 9 (d)) did not result in any significant change (see Fig. 10 (c)) (2.8

s. original 2.3 at 35%) and does not wholly account for the experimen-

al resistance ratio of 5 at 35%. The 5 times increase in resistance for

E 874 can be explained by recognizing the ink’s resistance reduction

s due to the appearance of surface cracks. When PE874 is stretched,

he distribution of flake fraction did not change (see Fig. 9 (b) and (e)),

hich is inconsistent with Eq. (3) predicting a decrease in flake fraction

rom 0.55 to 0.49 (see Fig. 10 (b)). This is likely the result of cracking

see Fig. 6 (d)), preventing deformation in adjacent areas, and therefore

esulting in a constant flake fraction, and also leading to an increase in

he void content (see Fig. 9 (c) and (f)). The response of this ink may
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e better modeled using porous metals where one phase is electrically

onductive, but the void phase has no conductivity. It is known that the

lectrical conductivity of a metal decreases linearly with the introduc-

ion of pores at low porosity, with some curvature at higher values of

orosity [32 , 33] . If all the volume increase in the PE874 is caused by an

ncrease in void volume, then we would expect the electrical resistivity

o increase linearly with the void volume, which matches the trend in

he data. 

. Conclusions 

In conclusion, this work highlighted the importance of the initial

rchitecture of silver inks on the deformation and electrical behavior

p to large strains (in excess of 30%). While the investigated 5025 and

E874 inks were expected to differ only in their polymer matrix prop-

rties, our FIB cross-sections revealed a large presence of micron-size

oids in the PE874 inks. Our in-situ strain map analysis showed the for-

ation of strain localization bands at early applied strain levels. These

train localization bands have different origins, which result in different

ake volume fraction evolutions and therefore different electrical be-

avior. For PE874, strain localization is associated with cracking, most

ikely triggered by the pre-existing voids, which leads to minimal sil-

er flake fraction changes and a resistance ratio increase of 5 at 35%

pplied strain. Instead, for 5025, strain localization is accompanied by

ocal necking which leads to large flake fraction decreases and a resis-

ance ratio increase of 15 at 35% applied strain. Percolation theory can

rovide reasonable estimates of the resistance ratio increase with strain

or 5025 if the Gaussian distribution representing the measured flake

raction (which captures non-uniform deformation) is used, compared

o the use of average flake fraction (which better captures uniform de-

ormation). 

This work suggests the somewhat paradoxical conclusion that voids,

hich lead to cracks in the deformed inks, can be beneficial for their

lectrical behavior under large strains. Indeed, while presence of sur-

ace cracks means an increase in void fraction, and therefore an in-

rease in resistance (increase in porosity), their formation prevents any

ignificant decrease in flake fraction (especially in necked regions).

ince these are only surface and not through-thickness cracks, their

ormation appears to be not as detrimental to the ink’s overall electrical

ehavior. Investigating PE874 inks with different initial void contents

presumably by optimizing the fabrication process) would be useful to

urther understand the combined effect of voids and strain localization

n electrical behavior under large strains. 
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