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a b s t r a c t 

Multi-layer friction surfacing (MLFS) is a layer deposition technique that allows building structures from metals 

in solid state. As approach for additive manufacturing, the re-heating during subsequent deposition processes is 

significantly lower compared to fusion-based techniques. Available research work presents promising properties 

of MLFS structures from aluminum alloys, reporting no significant directional dependency in terms of tensile 

strength. The present study focuses on the fatigue crack propagation behavior and the role of layer-to-substrate 

(LTS) as well as layer-to-layer (LTL) interfaces. Compact tension specimens were extracted in different orientations 

from the MLFS stacks built from AA5083. The crack propagation parallel and perpendicular to the LTL interfaces 

as well as from the substrate material across LTS interface into the MLFS deposited material was investigated. 

The results show that LTL interfaces play no significant role for the crack propagation, i.e. specimens with LTL 

interfaces perpendicular and parallel to the crack presented no significant differences in terms of their fatigue 

crack propagation behavior. The specimens where the crack propagated from the substrate material across the LTS 

interface into the MLFS deposited material showed higher fatigue life than the specimens with crack propagation 

in the MLFS deposited material only. Crack retardation can be observed as long as the crack propagates within 

the substrate material, which is associated with compressive residual stresses introduced in the substrate during 

the layer deposition process. 
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. Introduction 

The layer-by-layer building of a structural part, i.e. additive man-

facturing (AM), combines advantages as flexibility with high degree

f freedom in design for near-net-shape geometries [1] with minimum

ost-processing effort and waste of material [2] compared to subtrac-

ive methods. Common AM processes melt a consumable material, i.e.

owder or wire, due to the energy input, which solidifies again and man-

factures a part with this approach layer by layer, where many metallic

aterials are shown to be feasible [3] . 

The fatigue properties as well as the role of layer interfaces for crack

ropagation behavior is a topic of interest for additively generated struc-

ures. For direct energy deposition processes such as for wire-arc addi-

ive manufacturing (WAAM) of titanium, Zhang et al. [4] found that

he crack propagation rate is affected by the resulting microstructure.

or cracks propagating across layers’ interfaces, the growth rate was

ound to be slightly slower compared to cracks propagating along the

nterfaces [5] , where the directional dependency of the microstructural

haracteristic, i.e. the lamellar structure of the WAAM deposited ma-

erial, was mentioned as one reason for the different crack propaga-
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ion rates in the different directions. Defect formation at the interfaces

an also have major effects on fatigue properties [6] . The mentioned

icrostructural characteristics and defect formation affecting the fa-

igue properties of fusion-based AM parts are strongly related to the

hermal history, i.e. heating and cooling cycles as well as re-heating of

he structure [7] . Therefore, the effect of post-processing of AM struc-

ures on fatigue properties, e.g. via heat treatment [6] or local modifi-

ation techniques [8] , is under investigation. Solid-state AM processes

nduce a moderate temperature compared to fusion-based processes

nd many issues related to material melting and solidification can be

voided. 

The principle of friction surfacing (FS) was shown to be a poten-

ial candidate as solid-state layer deposition technique, i.e. solid-state

M [9] . FS was first mentioned by Klopstock and Neelands [10] . The

ayer deposition of a consumable material on a substrate below the

aterials’ melting temperatures is enabled by friction and plastic de-

ormation. The FS deposition process can be divided into two phases:

irst, the plasticizing phase (i) is initiated when the consumable stud

aterial experiences a defined rotational speed and axial force. As a

esult, the stud is pressed onto the substrate surface, frictional heat is
23 
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enerated at the materials’ interface and the tip of the stud starts to

eform and plasticize. The superimposition of a relative translational

ovement between substrate and stud material initiates the deposition

hase (ii) and enables the deposition of the plasticized consumable ma-

erial onto the substrate. Layer depositions via FS were investigated for

arious similar and dissimilar material combinations. An overview is

iven for instance in the review by Gandra et al. [11] . Apart from po-

ential as solid-state AM technique, which is also focus of the present

tudy, FS also finds potential application as coating [12] or repair [13]

echnique. 

Being a discontinuous process, the dimensions of every FS layer de-

end on the geometry of the used stud material. Therefore, building

ne structure from multiple FS layers needs to be investigated in order

o allow larger final dimensions independent from the used stud mate-

ial. The FS process variants of depositing multiple layers adjacent to or

n top of each other are known as multi-track friction surfacing (MTFS)

nd multi-layer friction surfacing (MLFS), where each single layer depo-

ition follows the FS principle. Tokisue et al. [14] performed MTFS with

wo layers and observed that the tensile strength of the FS deposited

aterial in multiple layers is higher compared to single layer FS. With

erspective to MLFS, the FS-characteristic rough surface helps the plas-

icizing of the subsequent layer deposition on top [15] . MLFS structures

ith three layer depositions were shown for aluminum on an aluminum

ubstrate [16] and on a steel substrate [17] . A six-layers MLFS stack

as built by Shen et al. [18] observing homogeneous microstructure

long building direction. Rath et al. [19] built MLFS stacks from up

o ten layers in order to extract micro-flat tensile specimens. The results

howed no significant gradient along stack length and also no significant

irectional dependency in terms of tensile strength. Similarly, Kallien

t al. [20] extracted tensile specimens, containing MLFS layer mate-

ial only, from an 18-layers stack. The results confirmed the absence

f a gradient in terms of tensile strength along the MLFS stack length

t room temperature as well as at elevated testing temperatures. Fur-

hermore, it was shown that the MLFS tensile strength is slightly higher

han the base material strength at room temperature. Apart from that,

S has proved the potential and feasibility as solid-state AM technique

y combining the FS process variants of MLFS and MTFS, which was

hown for steel [9] and aluminum [21] . However, available studies on

LFS hardly provide insights into mechanical properties and especially

atigue crack propagation behavior of MLFS deposited structures are

nknown. 

Another solid-state AM process, which is closely akin to the FS de-

osition principle, is additive friction stir deposition (AFSD). Similar to

S, a rotating consumable material is pressed onto a substrate enabling

he plasticization. Contrary to FS, AFSD uses a hollow non-consumable

ool, which is feeding the consumable material and consolidates the de-

osited material. Similar to FS, the deposited material presents a refined

ecrystallized microstructure [22] . For AFSD, some studies on the fa-

igue properties are available in the literature. For instance, Williams

t al. [23] investigated the fatigue properties for AFSD built structures

rom WE43 magnesium and reported decreased fatigue life compared

o feedstock material in the low cycle regime; however, comparable fa-

igue life was achieved in the high cycle regime. For AA6061 processed

ia AFSD, Rutherford et al. [24] report homogeneous behavior of the

eposited material and mention similar fatigue crack nucleation and

rowth mechanism like the corresponding AA6061 wrought material.

owever, similar to MLFS, the fatigue crack propagation behavior is

ardly investigated. 

This study investigates the fatigue crack propagation behavior of

LFS structures, addressing in particular the influence of the layer-

o-substrate (LTS) and layer-to-layer (LTL) interfaces. Furthermore, the

resent study proves the high repeatability of the MLFS process by, for

he first time to the authors’ knowledge, showing the successful deposi-

ion up to 38 MLFS layers. The built stacks were used to extract speci-

ens in different orientations for the investigation of the fatigue crack

ropagation (FCP). 
2 
. Materials and methods 

.1. MLFS 

A custom-designed friction welding system (RAS, Henry Loitz

obotik, Germany) optimized for FS and related processes was used to

uild MLFS stacks for this study. The equipment provides the necessary

tiffness and repeatability and allows maximum axial force of 60 kN,

orque of 200 Nm and rotational speed of 6000 rpm. The FS deposi-

ions were performed force-controlled with computer-numerical control

CNC) of the deposition path, which was 200 mm. All processes were

xecuted at room temperature and between the subsequent MLFS layer

epositions, the previously deposited material had enough time to cool

own to room temperature. A similar material combination was used in

his study, the substrate material being AA5083-O (30 mm thickness)

nd the stud material AA5083-H112 (125 mm length, 20 mm diame-

er). The process parameters were kept constant at 8 kN axial force,

200 rpm rotational speed and 6 mm/s travel speed for all layer deposi-

ions. The achieved layer thickness with the mentioned process param-

ters and setup is approx. 1.3 mm. Three stacks were build with 27, 29

nd 38 layers in order to provide necessary dimension for the extraction

f specimens for FCP testing. 

.2. FCP 

Compact tension (C(T)) specimens according to ASTM E647-15 were

xtracted from the build MLFS stacks. The C(T)50 specimens present a

hickness of 5 mm and an initial crack length of 𝑎 0 = 12 . 5 mm, Fig. 1 (c).

hree different types of C(T)50 specimens in the MLFS stacks were ana-

yzed in the investigation, Fig. 1 , where two specimens were examined

er type. The specimens were extracted at two different orientations, i.e.

arallel ( ∥) and perpendicular ( ⟂) to the LTL interfaces. Furthermore, in

ne set of specimens, the pre-crack starts within the substrate material,

here its orientation is perpendicular to the LTL interfaces. For the other

wo types of specimens, the crack starts within the MLFS deposited ma-

erial. For comparison purpose, two additional C(T)50 specimens were

aken from an AA5083-H111 sheet, representing the reference material.

he two specimens were extracted from different orientations, Fig. 2 ,

.e. reference(1) specimen presents the initial crack perpendicular to the

heet’s rolling direction and the reference(2) specimen parallel to it. 

The investigation of the FCP was performed at room temperature us-

ng a servo-hydraulic testing machine (Instron 8800, Schenck) equipped

ith a 25 kN load cell. The specimens were tested at constant amplitude

oading using a maximum force of 2.525 kN and a stress ratio of 0.1.

he crack length, 𝑎 , was measured via optical microscopy at both sides

f the specimen during testing. The crack opening displacement (COD)

as measured experimentally at the crack mouth of the initial notch us-

ng strain clips. The C(T)50 specimens were tested to a final crack length

f 30 mm. Afterwards, the specimens were separated using a tensile test-

ng machine (ZwickRoell, Germany) equipped with a 200 kN load cell at

onstant speed of 0.5 mm/min. The fracture surfaces were investigated

ia optical light microscopy (VHX 7000, Keyence). 

. Results and discussion 

.1. MLFS process behavior 

The FS process is shown to be highly repeatable also for stacks of up

o 38 layers, i.e. the behavior during the deposition process was nearly

onstant as well as the resulting layers are homogeneous, Fig. 3 . In or-

er to investigate the deposition behavior during the FS process and

ossible trends regarding MLFS, the remaining stud length was mea-

ured. The length of the remaining studs after layer deposition does not

ignificantly change for the different stacks built at constant process pa-

ameters, Fig. 4 . Furthermore, as the deposition processes are performed
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Fig. 1. Schematic positioning of C(T)50 specimens in MLFS stack (a), micrograph of the longitudinal section of the interface between substrate and deposited layers 

(b) and dimensions of the C(T)50 specimens (c). All dimensions in mm. 

AA5083-H111 sheet

rolling direction

reference(1)

reference(2)

Fig. 2. Schematic positioning of reference C(T)50 specimens in two orientations 

in AA5083-H111 sheet with respect to the rolling direction. 
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orce-controlled, the resulting stud consumption rate, 𝑣 
𝑐𝑟 

, is also an indi-

ator in order to evaluate process stability and repeatability. As shown

or all layer depositions in Fig. 4 , no significant difference or trend can
3 
e observed for the stud consumption rate. Overall, the MLFS principle

howed a reliable behavior when building high stacks as required for

he FCP specimen extraction. 

.2. Fatigue crack propagation 

The FCP behavior of the C(T)50 specimens extracted at different ori-

ntations within the MLFS stacks is shown in Fig. 5 , where the crack

tarts within the MLFS deposited material parallel ( ∥LTL) and perpen-

icular ( ⟂LTL) to the LTL interfaces. Both tested orientations reached

he final crack length of 30 mm after approx. 40 000 cycles, Fig. 5 (a),

nd no significant difference in terms of crack propagation rate could be

bserved, Fig. 5 (c). The reference C(T)50 specimens from the reference

heet material, i.e. reference(1) and reference(2), show a slightly better

atigue performance, where the final crack length was reached after ap-

roximately 50 000 cycles, Fig. 5 (a). However, the overall FCP behavior

s comparable for the MLFS deposited material and the AA5083-H111

eference material. In terms of crack propagation within the MLFS mate-

ial, the crack paths, Fig. 6 (a) and (b), show a straight crack propagation

or cracks parallel and perpendicular to LTL interfaces, respectively. Es-

ecially for ⟂LTL, the observed deflection of the crack path is very small.

his leads to the hypothesis that the LTL interfaces do not have a signif-
Fig. 3. MLFS stack built from 38 layers at 8 kN, 

1200 rpm and 6 mm/s. 
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average vcr
remaining

stud length

remaining stud

length

Fig. 4. Average stud consumption rate, 𝑣 
𝑐𝑟 

, and 

remaining stud length after 200 mm deposition 

length for stacks of 27 to 38 layers deposited at 

constant process parameters of 8 kN, 1200 rpm 

and 6 mm/s. 

LTL(1)

substrate

deposition direction

build direction

LTL(2)

deposited layers deposition direction

LTL(1) LTL(2)

(a)

substrate material

LTS(1)

deposited

layers

substrate

deposition direction

build

direction

LTS(2)

(b)

(c)

substrate

material

(d)

Fig. 5. Crack length over number of cycles for C(T)50 specimens with crack propagation within MLFS deposited material parallel and perpendicular to layer interfaces 

as well as within reference material (a) and with fatigue crack propagation across LTS interface (b); da/dN over crack length for crack propagation within MLFS 

deposited material parallel and perpendicular to layer interfaces (c) and with crack propagation across LTS interface (d). 
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Fig. 6. Crack paths of tested C(T)50 specimens 

taken from MLFS stacks, propagating perpen- 

dicular to LTL (a), parallel to LTL (b) and from 

substrate into MLFS deposited material, per- 

pendicular to LTS/LTL (c). 
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u  
cant effect on the fatigue crack propagation within the AA5083 MLFS

eposited material. The corresponding fracture surfaces, Fig. 7 (a) and

b), show a very homogeneous appearance, Fig. 7 (b.1), however, the

xemplary specimen for the ⟂LTL orientation presents some surface de-

ects, Fig. 7 (a.1). Overall, the fatigue crack propagation behavior for

oth orientations is very similar, indicating that the LTL interfaces do

ot appear to play a detrimental role in terms of mechanical properties,

hich agrees with findings from static tensile testing [19] . 

For the third tested specimen type ( ⟂LTS), the crack started in the

ubstrate material (AA5083-O) and propagated across the LTS interface

nto the MLFS deposited material. The ⟂LTS specimens showed signifi-

antly higher number of cycles until the final crack length of 30 mm was

eached, Fig. 5 (b), compared to the AA5083-H111 reference material

nd the specimens with crack propagation within the MLFS deposited

aterial only. Figure 5 (d) clearly reveals that the fatigue crack propa-

ation rate is different within the first 5 mm of the crack, i.e. within the

ubstrate material. However, as soon as the crack reaches the LTS in-

erface, the fatigue crack propagation rate is similar to the other tested

LFS samples. At the LTS interface, the crack path shows a reorientation

arallel to the interface and then propagates straight within the MLFS

eposited material, perpendicular to the LTL interfaces, Fig. 6 (c). 

The MLFS stack material shows an average grain size between 4 μm

nd 5 μm, which was determined in previous studies of MLFS for the sim-

lar consumable material [18] as well as the same process parameters

19] . This is a significantly finer microstructure for instance compared to

A5083-H111 rolled sheet material, which typically presents a gran size

f 30 to 50 μm [25–27] with elongated grains along the rolling direc-

ion, or cast AA5083-O with grain sizes larger than 200 μm, Fig. 1 (b). An

n-depth analysis of the detailed grain size distribution in MLFS stacks

long each layer is part of current research. The effect of the coarse (sub-

trate) or fine (MLFS) microstructure is assumed to be negligible for long

racks, i.e. in the ’Paris’ regime [28] . Therefore, the differences in the

atigue crack propagation behavior between ⟂LTS and LTL specimens

ight be related to the two following aspects. On the one hand, these

ight be correlated with material defects within the deposited material,

ig. 7 (a.1), which can be also seen at the LTS interface, Fig. 7 (c.2). How-

ver, more likely, the observed FCP behavior of the ⟂LTS specimens is

ssociated with the present residual stresses within the substrate. Due to

he layer deposition process, i.e. thermo-mechanical input, significant

ub-surface compressive residual stresses are introduced into the sub-

trate material, as shown by Dovzhenko et al. [29] . The authors [29] in-

estigated the residual stresses for single layer FS of Ti in combination

ith fatigue testing, where the FS layer was intended as crack stop-

er. The FS deposited coating presented tensile residual stresses, where
5 
ompressive stresses were determined within the substrate, compensat-

ng the tensile stresses within the deposit. Within the study [29] , it was

oncluded that the travel speed and the deposit thickness affect mainly

he residual stress distribution. An improvement of fatigue properties

orrelating with the residual stresses was found, however, the underly-

ng effects could not be quantified. Similar results in terms of residual

tress distribution for single layer FS deposits were obtained from ex-

eriment and simulation by Bararpour et al. [30] . However, the authors

30] also found tensile residual stresses within the coating. Additionally,

ower residual stresses were determined on the advancing side than on

he retreating side, which was attributed to the asymmetric character-

stic of the FS process in terms of heat distribution and material flow.

n the current study multiple FS layers are deposited, however, the un-

erlying residual stress distribution is assumed to be similar, i.e. in par-

icular compressive residual stresses are introduced within the substrate

nderneath the deposited material. Furthermore, the observed fatigue

rack retardation within the substrate is very alike to observations for

ocal residual stress modification techniques. For instance, Keller et al.

31] showed that the introduced compressive residual stress field due

o laser shock peening leads to a significant retardation effect of the fa-

igue crack propagation within the peened region. Furthermore, Pouget

nd Reynolds [32] investigated the fatigue crack propagation for fric-

ion stir welded AA2050. The compressive residual stresses in the heat-

ffected zone were found to induce crack closure leading to improved

atigue properties. Increased crack propagation rate was found in the

eld nugget, where tensile residual stresses as well as microstructural

haracteristic were mentioned as possible reasons. Although both ⟂LTS

pecimens show a similar FCP behavior, the overall number of cycles is

ignificantly different between them. As the two specimens were taken

long the stack length, there might be a gradient in terms of residual

tresses in the substrate material along deposition length. The gradient

ight be related to the plasticizing of the consumable, where the ro-

ating stud is pressed onto the substrate to deform and plasticize. This

nduces a slight change in the thermo-mechanical input to the substrate

late over the deposition duration. Zhu et al. [33] observed tensile resid-

al stresses at the starting position as well as center along the AA6061

FSD stack and compressive residual stresses at the end. This residual

tress distribution within the stack was attributed to the temperature

istribution during the process. Due to an initial dwell time to initiate

lasticization of the material to enable layer deposition, more frictional

eat was generated at the starting end, resulting in higher temperatures

ompared to the deposition end. 

Overall, the presented results are a first attempt to investigate and

nderstand the role of interfaces for the FCP behavior of MLFS deposited
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Fig. 7. Fracture surfaces of tested C(T)50 specimens 

taken from different orientations from the MLFS stacks 

within crack propagation in the deposited material (a) 

perpendicular ( ⟂LTL) and (b) parallel ( ∥LTL) to LTL in- 

terfaces as well as (c) crack propagating from substrate 

material into MLFS structure ( ⟂LTS). 
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tructures, applying a constant process parameter set for a similar mate-

ial combination of a non-precipitation-hardenable aluminum alloy. For

ure, a variation of material or process parameters will affect the fatigue

roperties, as e.g. grain size as well as other microstructural character-

stics (grain orientations, size and volume distribution of precipitates

n case of a precipitation hardenable alloy, etc.) will be influenced. Al-

hough the number of available specimens was limited, all specimens

evealed a similar fatigue crack propagation rate for different orienta-

ions within the MLFS material indicating no significant effect of LTL

nterfaces, which is a promising finding. Overall, the FCP experiments

nderline the homogeneity of the MLFS deposited material, supporting

revious findings on static properties [19] . The observed crack retar-

ation for the FCP within the substrate material is of high relevance,

specially in view of repair applications. 

. Conclusion 

The presented work showed high additive structures achieved via

olid-state layer deposition, i.e. MLFS. Up to 38 layers were successfully

uild, presenting a repeatable process behavior at constant process pa-

ameters. In this study, a similar material combination (AA5083) and

onstant process parameters have been used. C(T)50 specimens were
6 
xtracted from MLFS stacks with crack tip starting within the substrate

aterial as well as within the MLFS deposited material at different ori-

ntations for investigation of the fatigue crack propagation. The main

esults obtained for the exemplary process parameter set and the de-

osited non-precipitation-hardenable alloy AA5083 can be summarized

s follows: 

• MLFS was highly repeatable and stacks of a height up to about

48 mm were achieved with a similar material combination at con-

stant process parameters. 
• Layer-to-layer interfaces do not have a significant effect on crack

propagation, i.e. no significant difference could be observed for

cracks parallel and perpendicular to these interfaces. 
• For fatigue crack propagation from substrate material into MLFS de-

posited material (perpendicular to interfaces), crack retardation can

be observed as long as the crack is within the substrate material.

This is likely to be related to compressive residual stresses evolved

in the substrate material due to the thermo-mechanical input during

the MLFS deposition process. 

In this regard, the role of the layer-to-substrate interface will be a

opic of increased complexity when dissimilar materials are joined. Fur-

hermore, a detailed investigation in order to understand the residual
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tress distribution in MLFS deposited structures has to be part of future

nvestigations on this subject. 
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