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Abstract The hardness of accumulative roll bonding

(ARB)-processed multilayers has been measured in the past

with microindentation studies. In some cases the lateral

indent size of microindenters, however, is too large. For

example, if multilayers are ARB-processed that consist of

arrays of different elemental foils the hardness ratio of the

layers has been reported as a key factor for the develop-

ment of diffuse necking. To predict diffuse necking during

ARB processing, flow stress data are usually taken from

tensile tests. Flow stresses can be estimated of individual

layers based on hardness measurements. In this work

results are compared between hardness measurements on

ARB-processed Mo multilayers with micro- and nanoin-

dentation. Two sets of Mo multilayers were examined, one

with as-received Mo foils and a second set with annealed

Mo foils as starting material. The microhardness mea-

surements show an increase in hardness with the first two

passes before the hardness reaches a near plateau for the

annealed Mo foils. The as-received foils that appear to be

cold-worked yield a constant hardness for the first five

passes that approaches the hardness of the annealed sam-

ples after four passes. The nanoindentation measurements

were conducted at the center of Mo grains. If the inden-

tation size effect (ISE) is taken into account the nanoin-

dentation-based hardness measurements of the annealed

Mo foil multilayers agree with the microhardness mea-

surements. For the multilayer comprised of as-received Mo

foils, agreement is obtained with the microhardness mea-

surements even without taking into account an ISE. These

observations are discussed with respect to the changes in

microstructural length scales during ARB processing and

the indent sizes. A main conclusion is that nanoindentation

measurements yield reliable hardness data if the ISE is

considered.

Introduction

Bulk nanostructured materials are defined as macroscopic

solids with internal or microstructural length scales of less

than 100 nm [1]. Two approaches are used to produce bulk

nanostructured materials: (1) Top-down approaches

whereby a coarse-grained bulk precursor material is

processed until nanoscale microstructures develop. (2)

Bottom-up approaches whereby atom by atom synthesis is

used to build up bulk nanostructured materials [2]. Among

the top-down approaches, severe plastic deformation (SPD)

has developed into a processing approach for metallic

materials with commercial impact. In SPD processing,

large strains are applied to materials and the microstruc-

tures gradually reveal characteristic length scales at tens to

hundreds of nanometers. Different approaches have been

developed to impart large strains into materials, the most

notable being equal channel angular extrusion, high pres-

sure torsion pressing, and accumulative roll bonding

(ARB). In ARB processing, sheet samples are repeatedly

rolled and then folded or stacked to enable a cyclic process.

Since cold rolling is a well-established sheet metal pro-

cessing technique, ARB processing has quickly emerged as

a popular SPD technique [3–12].

ARB processing has been applied to single-phase and

multi-phase materials, often with very different objectives.

While the ARB processing of single-phase materials aims

mostly at grain-size reduction and the synthesis of bulk
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nanostructured materials, the SPD processing of multi-

phase materials has been applied not only to obtain nano-

structured materials, but furthermore for driven alloying,

i.e., the formation of new phases. The interest centered

primarily on the synthesis of amorphous phases [13–18]. A

common thread in ARB processing of multi-phase mate-

rials is the refinement in the size of the phases. In ARB

processing of multilayer samples, for example, the indi-

vidual layers decrease in thickness while at the same time

their internal microstructures change simultaneously. The

change in size and shape of the individual phases is a

complex problem that depends on the mechanical proper-

ties of the starting material and the details of the rolling and

folding process. A common observation is that the softer

phases develop into a matrix phase and the harder phase or

phases often develop plastic instabilities. The plastic

instabilities can be recognized when shear bands develop

or when individual layers develop necking behavior. The

necking of individual layers is similar to necking of free-

standing foils during tensile testing except that the layers in

the multilayer are surrounded and bonded to adjacent

metallic layers. The bonding between layers changes the

necking behavior. While necking during tensile testing

occurs at true strain values that numerically equal the

strain-hardening coefficients, the onset of necking insta-

bilities in multilayers has been observed to occur at higher

strain values than the strain-hardening coefficient. A

common view in the literature is that the onset of necking

during a rolling process can be estimated from the flow

stresses of the layers. A major challenge, however, is to

determine the flow stresses of individual layers not only at

the beginning of the ARB process, but more importantly

during processing when it is not possible to isolate indi-

vidual layers for tensile tests. The common approach has

been, so far, to conduct tensile tests on the individual foils

that comprise the multilayer, to fit the measured stress–

strain data with empirical constitutive equations, and to use

these equations to predict the onset of diffuse necking [19–

22]. A main drawback of the current approaches to predict

diffuse necking is indeed the extrapolation of the stress–

strain data obtained from tensile tests to ARB-processed

multilayers.

Flow and yield stresses can be determined not only from

tensile tests but can be estimated from hardness tests [23–

27]. A constraint factor is frequently used to relate hardness

to the flow stress at a characteristic strain; the hardness is

often taken as three times the flow stress [26]. For multi-

layers, the hardness of individual layers can be obtained

from measurements on cross-sections. The layer thickness

of rolled and folded multilayers, however, decreases rap-

idly and conventional microindentation hardness mea-

surements are not suitable, since the lateral size of the

indent on the cross-section quickly exceeds the individual

layer thickness. If instead instrumented indentation tech-

niques are used, hardness measurements can be conducted

on individual layers as thin as 2 lm in cross-section. The

main differences between the micro- and the nanoinden-

tation approach are the applied load and the approach to

determine the hardness. For nanoindentation measurements

indent loads range between hundreds of microNewton and

tens of milliNewton. Microhardness measurements are

based on indent loads of hundreds of milliNewton to on the

order of Newton. Hardness values are inferred from opti-

cally determined indent areas for microhardness measure-

ments; the unloading curves of load–displacement curves

are used in nanoindentation studies to determine hardness.

The use of nanoindentation to determine the local hardness

of individual phases, for example, layers of a multilayer

sample, entails intriguing challenges. For small indentation

depths that are necessary to probe phases with a lateral size

on the analysis surface of the order of 1 lm, the indenta-

tion size effect (ISE) is one challenge, but it is a challenge

that has been examined in some detail [28, 29]. The pres-

ence of boundaries near the indents poses further chal-

lenges. Boundaries occur at the interfaces between

different layers and at the interfaces between grains.

Indentation experiments have been conducted to determine

the effect of grain boundaries on hardness based on Vickers

hardness testing and based on instrumented indentation

tests [30–36]. For ARB-processed samples, the micro-

structural length scales change during processing, adding to

the complexity of the data evaluation. Previous work on

Mo–Mo multilayers up to 25 rolling and folding passes

showed a change in hardness thereby a change in flow

stress of the individual element layers with deformation

[37]. It was observed that the hardness of Mo–Mo multi-

layers dropped drastically after 10 roll-folding passes. This

drop in hardness was attributed to the dynamic recovery

effects that have been observed previously for Mo sheets

[38]. The present work focuses on the early deformation

stages in case of Mo–Mo multilayers, i.e., up to five rolling

and folding passes. In contrast to the original ARB process

[39], the rolling and folding process in the current work is

conducted without heating of the elemental foils. The aim

of this study is to determine and compare the hardness

values based on nano- and microindentation studies.

Microindentation-based hardness studies of ARB-pro-

cessed samples have prevailed, so far, in the literature. The

aim of the present work is to compare hardness measure-

ments on Mo–Mo multilayers obtained from microinden-

tation and nanoindentation measurements and to compare

the indent sizes with the microstructural length scales. The

results of the present study help determining the usefulness

and limits of nanoindentation measurements for probing

the hardness of individual layers in ARB-processed

samples.
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Experimental procedure

Molybdenum foils were used in this study with a purity of

99.95% purity and a starting thickness of the individual

layers of 127 lm. For the rolling and folding process of

as-received samples, three Mo layers were stacked and then

folded once to obtain a sample made of six layers. It was

this six-layer sample for the as-received condition that was

then cold-rolled and folded. For the sample made of

annealed Mo foils five foils were stacked initially and

folded once prior to the rolling. The starting annealed

sample thus contained a total of ten layers. The annealing

process served to induce recrystallization and foils were

annealed in vacuum at 1,200 �C for 10 h. The initial

cleaning and degreasing of the molybdenum foils was

followed by rolling and folding up to five passes at ambient

temperature without using any lubricant on a two high

electric rolling mill with 420 mm roll diameter. The rolled

and folded samples were prepared for cross-sectional

imaging by mechanical grinding on SiC papers up to #1200

grit size, final polishing using diamond suspension up to

1 lm followed by 0.3 lm Al2O3 and 0.06 lm colloidal

silica in suspension. Microstructure analyses of ARB-pro-

cessed molybdenum foils was conducted with optical

microscopy, scanning electron microscopy (SEM) for layer

thickness analysis, atomic force microscopy (AFM) for

measuring pileups around nanoindents, and transmission

electron microscopy (TEM). The thin electron transparent

foils for TEM studies were prepared using electropolishing

with 70% butanol ? 20% perchloric acid ? 10% methanol

at 35 V and 15 �C. The instrumented indentation tests were

conducted with a Nanoindentation XP (MTS Nano

Instruments, Oakridge, TN) instrument with a Berkovich

indenter using a 30-s hold time at full load. The raw data of

the nanoindentation measurements was analyzed in one

approach based on the Oliver–Pharr method [40] from

single load measurements at a load of 5 mN. In a second

approach, the ISE was determined based on multiload

measurements. For each indent position, increasing loads

were used of 5, 7, 10, and 15 mN. The holding time at the

maximum load was 30 s. The final unloading segment was

then corrected for thermal drift of the instrument at 10% of

maximum load. The Nix Gao model [41] was applied to

account for the ISE, i.e., the ISE-corrected hardness value

H0 was obtained from

H2 ¼ H2
0 1þ h�

h

� �
:

For the multiload range used in the present work between 5

and 15 mN, the linear fit of the hardness data H2, obtained

from the Oliver–Pharr analysis, and the inverse of the

indentation depth corrected for pile-ups yielded the ISE-

corrected hardness.

Vickers microhardness measurements were performed

with a load of 250 mN and a hold time of 15 s.

Results

The microstructure of the starting Mo foils is highlighted in

Fig. 1. The as-received foils reveal a lamellar or pancake-

shaped grain morphology depicted in Fig. 1a that is typical

for cold-rolled sheets. The grain size is larger in the center

of the sheet than at the surfaces as expected from the

parabolic shear strain distribution in unlubricated rolled

sheets. A bright-field TEM image of the starting

as-received molybdenum foil is highlighted in Fig. 1b. The

TEM image indicates the presence of dislocations in

the grains as expected from the cold-worked condition of

the as-received sheets. The grain size for the initial

as-received Mo foil ranges from 500 to 1500 nm in the

normal direction of the foil with the grain thickness of

some center grains on the order of 5 lm. The length of the

grains is between about 1 and 20 lm. Following annealing,

the grain size is between 10 and 25 lm and many grains

are nearly equiaxed as shown in Fig. 1c.

A key aspect of all SPD techniques is the dynamic, i.e.,

mostly athermal refinement of microstructures. In case of

Fig. 1 a Optical micrograph of as-received Mo foil cross-section (127 lm thick). b Bright-field TEM image of as-received Mo foil (planar

view). c Optical micrograph of annealed Mo foil
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ARB processing, the main microstructural features that

change length scales are the layer thickness and the grain

size. Further microstructural changes are typically reflected

in texture and grain shape. The average theoretical layer

thickness after n rolling and folding passes for an initial

layer thickness l0 is l = l0/2n if the reduction is assumed to

be 50% per pass and under the assumption of plane strain

deformation conditions. Figure 2 shows that the average

layer thickness dropped more than 50% with each con-

secutive rolling and folding pass and reached 9 lm for both

the annealed and as-received Mo foils. With a starting layer

thickness of 127 lm, the average effective strain of the

multilayer and the individual layers is -3.0. The simple

scaling of the layer thickness that is suggested with the

equation l = l0/2n is not quite observed experimentally.

Local sliding of the internal interface and incomplete

overlap of the layers in the multilayer stack during folding

can reduce the actual strain locally and induce a strain

distribution [4]. Shear strains at the sample/roller interfaces

moreover add to the effective strain and the shear contri-

bution is not reflected in the simple layer thickness rule

l = l0/2n. Nevertheless, the data presented in Fig. 2 does

suggest a functional dependence between the layer thick-

ness and the number of passes that can be described with an

inverse power law relation.

The grain size in the normal direction decreases simul-

taneously with the layer thickness while the grains elongate

in the rolling direction. The reduction in grain thickness is

highlighted in Fig. 3 for the annealed Mo foils. The

annealed microstructure with the nearly equiaxed grains is

shown in Fig. 3a. After the first rolling pass of a Mo–Mo

multilayer the grains elongate in the rolling direction as

shown in Fig. 3b and c. After four folding and rolling steps

the individual layer thickness decreases to about 20–30 lm

and one etched layer is depicted in Fig. 3c. The grain size

in the layer normal direction can not be determined pre-

cisely from this image, but some grains are approximately

1–2 lm thick in the layer normal direction. Included in the

optical micrographs and SEM images in Fig. 3 are sche-

matic micro- and nanoindenter indents with the correct

indent size relative to the grain sizes. The microindent size

is approximately 14 ± 0.5 lm. Three-dimensional infor-

mation about the nanoindent sizes can be gained from

AFM. A nanoindent on a Mo foil with a diamond Berko-

vich indenter and a maximum load of 5 mN was analyzed

with AFM and the lateral indent size of the nanoindent is

1.0 ± 0.25 lm as shown in Fig. 4. The indent depth is

approximately 80 nm.

Figures 3 and 4 provide information about the relation

between the number of rolling and folding passes and the

microstructural features that can be probed with micro- and

nanoindentation. For the annealed samples, the micro- and

nanoindents can be placed within individual grains. Starting

with the first pass, however, the microindent size approxi-

mately equals the size of the grains in the normal direction

but is well below the thickness of an individual layer. With

increasing number of ARB passes, microindentation

becomes difficult to perform as the size of the microindent

extends beyond the layer thickness especially after the

second pass. For the second to fourth pass, the microindent

increasingly exceeds the size of the grains in the normal

direction but stays within the thickness of individual layers.

For the fifth pass, however, the microindent is comparable
Fig. 2 Reduction in layer thickness with increasing number of rolling

and folding passes

Fig. 3 Cross-sectional microstructure evolution of annealed Mo multilayer. a Annealed foil prior to rolling, b SEM image of cross-section after

first roll pass, c first pass with array of nanoindents, d one layer in cross-section after five passes. Etching reveals grain structure
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to the size of the layer. For more than five roll and fold

passes the microindent covers more than one layer and

therefore in particular crosses layer boundaries. The nano-

indents, on the other hand, can be placed not only within

individual layers for the first five passes, but can be placed

within individual grains of the initially annealed sample.

Fig. 3c, for example, shows four indents that are located

within one and the same grain after the first pass. For the

as-received, un-annealed sample, both the nano- and micr-

oindents extend beyond individual grains from the begin-

ning of the ARB process.

The hardness of the ARB-processed Mo-Mo multilayers

was determined from micro- and nanoindentation studies.

The results of the hardness measurements are depicted in

Fig. 5 with respect to the number of roll and folding passes

for annealed and as-received Mo-Mo multilayers. The

difference between Fig. 5a and b is that only the Oliver–

Pharr method was applied to the nanoindentation data for

the graph in Fig. 5a while the ISE was taken into account

in Fig. 5b for the nanoindentation data. The comparison

between the two graphs in Fig. 5 shows that the hardness

measured with instrumented indentation and with the

Vickers hardness probe agrees to within their error ranges

after the ISE is taken into account. If only the Oliver–Pharr

analysis is applied, the hardness obtained from the nano-

indentation data is significantly different from the Vickers

hardness data in a sense that the error bars do not overlap.

The hardness data obtained in this study can be compared

with the flow stress of Mo samples. A true stress–true strain

diagram is depicted in Fig. 6 for an annealed Mo foil. For

pyramidal indentors the representative or average strain is

8% [25]. The flow stress of the Mo foil at a true strain of 8%

is about 824 MPa and hence a constraint factor is obtained

of 2.73. By comparison, a constraint factor was reported for

iron of 2.61. The hardness data obtained from the instru-

mented indentation and the microhardness measurements

therefore not only agree to within 5%, but the hardness data

corresponds to the flow stresses obtained from tensile tests.

Fig. 4 a Profile of nanoindent

at 5 mN load measured with

AFM. b Topography of 5 mN

nanoindent measured with AFM

Fig. 5 a Hardness data

obtained from micro- and

nanoindentation measurements

on ARB-processed multilayers

for the first five passes.

Nanoindentation data was

analyzed with Oliver–Pharr

method. b Hardness

measurements of the same

samples as measured in a,

however, after applying Nix

Gao model to account for

indentation size effect

Fig. 6 True stress–strain curve for as-received Mo foil
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Discussion

Hardness changes during ARB processing

The results of the hardness studies reveal an increase in

hardness for the multilayer with initially annealed Mo foils

for the first two passes and a near constant hardness for up

to five passes. This initial increase in hardness and leveling

off at a plateau level has been reported for other SPD-

processed materials [42–45]. The multilayer comprised of

as-received Mo foils reveals a nearly steady hardness for

the five roll passes studied in this work. The hardness of the

multilayer with annealed foils approaches the hardness of

the multilayer with the as-received foils after the first three

to four roll passes. The plateau in hardness can be attrib-

uted to the saturation in the dislocation density with

increasing number of roll-folding passes. While the focus

of this work is directed toward the comparison between the

nanoindentation and the microindentation hardness mea-

surements it has been observed that for higher numbers of

passes the hardness can increase from its plateau level.

This behavior is highlighted in Fig. 7. In Fig. 7a hardness

data is compiled of Mo–Mo, Mo–Ta, and Ta–Ta multi-

layers, each rolled and folded up to 25 passes and measured

with microindentation. A key observation is that for 20 and

25 roll and fold passes the hardness of the Mo–Ta multi-

layer exceeds the hardness of the Mo–Mo and Ta–Ta

multilayers. The cross-sectional microstructure of the Mo–

Ta multilayer after 20 passes is highlighted in Fig. 6b; the

layer thickness for both Mo and Ta layers is less than 1 lm

and appears to be between about 500 nm and 1 lm. The

increase in hardness for the Mo–Ta multilayer for these

layer thicknesses points toward changes in the deformation

behavior that could results from changes in the dislocation

behavior such as confinement of dislocations within layers.

Details of the high strain mechanical behavior are beyond

the scope of this work, but it is clear that for layer thick-

nesses less than 1 lm the hardness analysis of individual

layers based on nanoindentation measurements is very

difficult due to effects that are discussed next.

Nanoindentation-based hardness measurement of ARB-

processed multilayers

The main difference between the micro- and nanoinden-

tation-based measurements is the size of the indent on the

sample. For the 250 mN, used for microindentation in this

study, the lateral size of the indent on the sample is about

12–14 lm. By contrast, the lateral indent size for a 5 mN

load applied to the nanoindenter is about 1–1.5 lm as

highlighted in Fig. 4. The indent sizes must be considered

relative to the microstructural length scales. For the early

stage of ARB processing, i.e., the first five passes for the

current study the nanoindents have been placed at the

center of grains for the multilayers with annealed foils. For

the multilayers comprised of as-received foils the grain size

in the normal direction to the rolling direction is from the

beginning approximately equal or less than the size of the

nanoindent and smaller than the microindent. Both mea-

surements approaches therefore probe a sample volume

that spans across grain boundaries. It must be taken into

account that the relevant size in case of nanoindentation

and to a lesser extent for microindentation is the plastic

zone surrounding the indent and not the actual indent size.

The interaction between the plastic zone and the grain size

has been examined in [29, 34]. If the plastic zone is smaller

than the grain size the hardness can be estimated if the ISE

is taken into account for small indentation depths. In the

current work this situation occurred for the multilayer

comprised of annealed foils for the first five passes. As

Fig. 5 demonstrates the hardness can be determined and

agreement between nano- and microindentation hardness is

obtained with the analysis based on the Nix Gao model.

The plastic zone exceeds the grain size for the as-received

grains for both analysis approaches. The results displayed

in Fig. 5 demonstrate that in this case the hardness values

Fig. 7 a Hardness data for Mo–

Mo, Mo–Ta, and Ta–Ta

multilayers for up to 25 roll and

fold passes. b Mo–Ta cross-

sectional microstructure after 20

roll and fold passes
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obtained from both approaches are within the error ranges

after accounting for the ISE for the nanoindentation

measurement.

The literature indicates that non-monotonic hardness

changes can be observed with changes in the indentation

depth due to a cross-over between the grain size and plastic

zone length scales [34]. A non-monotonic behavior is

observed in the current work for the nanoindentation

measurement of the multilayers with unannealed Mo foils

between the first and third roll pass and then the third and

the consecutive roll passes. This behavior could be ratio-

nalized if the plastic zone of the indent was initially within

a grain and then crossed the grain size after the first roll

pass. In addition to grain boundaries, the layer boundaries

represent another set of interfaces. Recent work demon-

strated that nanoindentation measurements near boundaries

or surfaces have to be corrected for the interaction between

the plastic zone and the surface or boundary in addition to

the ISE [30, 31]. Grain boundary hardening or softening

has been examined on coarser length scales with microin-

dentation studies [46]; the effects of grain or layer

boundaries on the nanoindentation hardness analysis,

which is clearly relevant for ARB-processed samples,

requires further and more detailed examination that is

currently underway.

The comparison between the strain at failure during the

tensile test of the as-received Mo foil and the strain

increase during the repeated rolling and folding highlights

the strain range that can be analyzed with instrumented

indentation tests on multilayer cross-sections. With an

indent size of about 1 lm, the hardness can be assessed to a

true strain of the individual layers of about four compared

to a true strain at fracture of 0.08. In applying instrumented

indentation measurements to determine hardness ratios

between different layers it is important to take size effects

and interactions between indents and layer boundaries into

account. Instrumented indentation furthermore offers the

opportunity to determine spatial variations in hardness

across layers during the early stages of rolling and folding

when the lateral indent size is small compared to the layer

thickness. These spatially resolved hardness measurements

will allow, for example, to determine if the current models

for predicting the onset of diffuse necking in layers have to

take the flow stresses near the layer boundaries into

account or hardness values that are averaged over the layer

thickness.

Conclusion

Local hardness and flow stress data is a main input for the

prediction of necking in individual layers of rolled and

folded multilayers. Instrumented indentation techniques

can be used mainly for two purposes. The small indent

sizes enable hardness measurements on individual layers to

true strain levels on the order of 4 and therefore much

higher strain levels can be analyzed than those accessible

with tensile testing of individual layers. While indentation

sizes on the order of micrometers allow for analyses of

multilayers that have been rolled and folded several times,

instrumented indentation techniques will be furthermore

useful to detect spatial variations in hardness across layers

at early deformation stages when the individual layers are

typically on the order of tens to hundreds of micrometers

thick. The current work demonstrates that for rolled and

folded Mo–Mo multilayers Vickers hardness measure-

ments and instrumented indentation techniques yield

hardness values that agree within their error bars despite

the very different nature of the two hardness measurements

approaches. To obtain agreement, it is necessary to account

for the ISE in the Mo layers. The refinement in grain- and

layer sizes from the micrometer to the nanometer scale that

is commonly observed during repeated rolling and folding

provides for further opportunities to study nanoindentation

in the presence of boundaries.
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