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Abstract
Tailored forming is used to produce hybrid components in which the materials used are locally adapted to the different types 
of physical, chemical and tribological requirements. In this paper, a Tailored Forming process chain for the production of a 
hybrid shaft with a bearing seat is investigated. The process chain consists of the manufacturing steps laser hot-wire clad-
ding, cross-wedge rolling, turning and deep rolling. A cylindrical bar made of mild steel C22.8 is used as the base material, 
and a cladding of the martensitic valve steel X45CrSi9-3 is applied in the area of the bearing seat to achieve the strength and 
hardness required. It is investigated how the surface and subsurface properties of the hybrid component, such as hardness, 
microstructure and residual stress state, change within the process chain. The results are compared with a previous study in 
which the austenitic stainless steel X2CrNiMo19-12 was investigated as a cladding material. It is shown that the residual 
stress state after hot forming depends on the thermal expansion coefficients of the cladding material.

Keywords Tailored forming · Residual stress · Laser hot-wire cladding · Deep rolling · Cross-wedge rolling · Hybrid 
components · Cladding

1 Introduction

By using cladding processes, hybrid components can be 
manufactured. The materials used for cladding can be spe-
cifically adapted to the type of load. For example, areas of 
the part that are subject to high mechanical load can be pro-
tected by using a cladding material with high strength and 
hardness. A corrosion resistant cladding made of materials 
like austenitic stainless steel can prevent corrosion of the 
underlying base material. Hybrid components can  contribute 
to a lightweight design or a resource-efficient manufactur-
ing process and, depending on the specific application, 
costs, CO

2
 emissions and the environmental impact can be 

reduced. A variety of welding processes is known for the 
application of claddings, which have a thickness of 0.5 mm 
to several millimeters [1]. In most cases, cladding is followed 
by machining to achieve the necessary geometric dimen-
sions and surface finishes. Furthermore, a heat treatment 
can be carried out. During cladding, a weld microstructure 
with large grain zones is formed, which is disadvantageous 
for highly stressed components. The Tailored Forming pro-
cess chain does not have this disadvantage, since a forming 
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process and thus a refinement of the microstructure takes 
place after the cladding process [2].

1.1  Tailored Forming process chain

The Tailored Forming process chain is used to produce 
hybrid multi-material components and includes a joining 
process or Additive Manufacturing of the different materi-
als and a subsequent hot-forming process. Blohm et al. have 
shown that hot forming transforms the weld microstructure 
into a forming microstructure with better mechanical prop-
erties than before [2]. The microstructure becomes finer-
grained. This is followed by machining and, if necessary, 
heat treatment. The course of the Tailored Forming process 
chain and possible components that can be manufactured 
with it are shown in Fig. 1.

Chugreeva et al. [3] and Behrens et al. [4] used the Tai-
lored Forming process chain to produce hybrid bevel gears. 
For this purpose, base cylinders made of C22.8 were cladded 
with the higher-strength materials X45CrSi9-3 and 41Cr4 
by means of laser hot-wire cladding (LHWC) and plasma 
transferred arc welding (PTA), respectively. The hybrid 
semi-finished products were then formed in the hot state 
by die forging. By using in-process cooling, a hardness of 
600 HV0.5 to 750 HV0.5 was achieved in the cladding of 
X45CrSi9-3.

The production of hybrid thrust bearing washers using the 
Tailored Forming process chain was investigated by Coors 
et al. [5], Behrens et al. [6] and Pape et al. [7]. The base 
material S235JR or C22.8 was provided with a cladding of 
41Cr4 (PTA), X45CrSi9-3 (LHWC) or 100Cr6 (PTA) in the 
area of the later running surface. Hot forming of the compo-
nents was followed by machining, heat treatment and service 
life testing. The forming process resulted in recrystallization 
and a fine-grained microstructure for all material combi-
nations. In the service life tests, the components achieved 
70 to 85 % of the service life of an industrial, convention-
ally manufactured thrust bearing washer. The failure of the 
hybrid 100Cr6 bearing was classified as premature due to 
small pores in the cladding below the surface.

In addition to axial bearing washers and bevel gears, 
shafts can also be manufactured using this process chain. 
The combination of a PTA or LHWC process with a cross-
wedge rolling process (CWR) and subsequent machining 
and, if necessary, heat treatment is used to produce shafts 
with a bearing seat. The cladding material is applied to the 
cylindrical semi-finished product in such a way that it lies 
in the area of the bearing seat after forming.

Kruse et  al. investigated the cross-wedge rolling of 
PTA-welded hybrid shafts with hard claddings of Stellite 
6, Delcrome 253 and 100Cr6. All material combinations 
were successfully formed [8]. Kruse et al. investigated the 
prediction accuracy of the simulation of cross-wedge rolling 
with respect to layer thickness and width [9]. For this pur-
pose, hybrid semi-finished products with different cladding 
thicknesses and widths were manufactured with the cladding 
material X45CrSi9-3 (LHWC) and 100Cr6 (PTA) and cross-
wedge rolled. The resulting layer distribution after 1.25 s 
of CWR simulation, which corresponds with the expected 
time for bearing seat forming, was compared with the layer 
distribution of the CWR experiment. The simulation model 
was sufficient for small amounts of X45CrSi9-3 but with 
larger cladding amount the final geometry was not achieved 
after 1.25 s. Larger process times and more rotations of the 
shaft needed to be considered for that case.

The design of hybrid components requires knowledge of 
the influence of the Tailored Forming process chain on the 
mechanical properties of the materials used. In this way, 
suitable process steps can be selected to achieve the target 
properties.

In a previous study, the influence of the process steps on 
the surface properties of a shaft with a cladding of austenitic 
stainless steel X2CrNiMo19-12 was investigated [10]. Due 
to the high thermal expansion coefficent of the austenitic 
stainless steel compared to the base material a tensile resid-
ual stress state was found in the cladding material after hot-
forming. The hardness of the cladding layer was increased 
by the different process steps from 200 HV0.1 after LHWC 
to 370 HV0.1 after deep rolling. For the high-strength mate-
rial X45CrSi9-3, knowledge about the properties is not avail-
able for all process steps and target properties. In addition, 

Fig. 1  The Tailored Forming process chain
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it is not known how the different material properties of the 
cladding material affect the change in surface and subsur-
face properties in the process chain. Therefore, in this work, 
the surface and subsurface properties of the cladding for 
the material combination X45CrSi9-3/C22.8 is investigated 
and compared to X2CrNiMo19-12/C22.8. The following 
research questions will be addressed: 

1. How and why do the surface and subsurface properties 
change within the process chain depending on the mate-
rial combination concerning 

(a) Hardness,
(b) Microstructure,
(c) Residual stress state,
(d) Cladding layer distribution?

2. Does the difference in the coefficient of thermal expan-
sion lead to different residual stress states after hot form-
ing?

1.2  Deposition welding

A variety of processes is known for the production of clad-
dings [1]. One of these processes is LHWC. Here, a wire is 
fed in and melted by the laser beam. In order to improve the 
energy consumption of this process, a current source is used. 
An electric current passes through the wire and, in accord-
ance with the law of Joule’s heat, the wire material is heated. 
As a result, the laser power required for melting the wire 
material can be reduced [11] or lack of fusion can be avoided 
[12]. This offers the opportunity to increase the deposition 
rate [13]. Various cladding materials like steel [14], nickel 
alloys [13], cobalt alloys and titanium alloys [14] can be 
used for LHWC. Laser hot-wire cladding was used in two 
different variants to produce hybrid semi-finished products 
for the Tailored Forming process chain. On one hand, a 
scanner-based experimental setup was used, in which the 
laser beam is oscillated and the wire is fed laterally [15]. On 
the other hand, a coaxial test setup was used [10]. With both 
test setups, it was possible to produce high-quality claddings 
for the subsequent process steps.

1.3  Hot forming

Hot forming of the hybrid shafts is performed with the CWR 
process. CWR is a preforming process that changes the mass 
distributions of the workpiece through continuous mass 
displacement [16]. Forming occurs between two oppositely 
traveling wedge-shaped tools. A pattern of forming wedges 
on the surface of the tool is used to cause the flow of mate-
rial in an axial direction (see Fig. 2). Important parameters 
are forming angle � and wedge angle � of the CWR tool as 

well as the cross-section reduction � A of the workpiece. 
The tools can be separated into three zones. The first zone is 
the knifing zone, where the wedge cuts into the workpiece. 
The main forming is carried out in the second zone, which 
is called the stretching zone. In this zone, the workpiece is 
lengthened and the mass is distributed along the axis. In the 
last zone, the sizing zone, the calibration of the workpiece 
is performed and marks from the serrations are rolled out. 
Diameter reductions of 55–70% are achievable with a high 
reproducibility. The process parameters of CWR have a large 
influence on the quality of the rolled part in the Tailored 
Forming process chain. Process parameters of CWR are e. g. 
forming temperature, forming velocity and tool spacing [16].

Interest in CWR is growing due the fact that it is a very 
efficient preform operation that achieves a high material 
utilization whilst improving product strength and reducing 
energy consumption [17]. Industrial use of CWR is often 
limited by the occurence of inner cracks. Internal defects, 
necking, surface defects and incomplete forming due to slip-
ping of the workpiece during forming are typical defects that 
occur frequently and are studied by different researchers [18, 
19]. Internal voids reduce the life time of the workpieces. 
Therefore, internal voids are researched comprehensively. 
Zhou et al. resume that CWR with multiple wedges is a very 
complex process that induces plastic deformation in radial, 
axial and transverse directions [19]. Li et al. studied the for-
mation of internal voids and concluded that a combination of 
shear and tensile stresses cause inner cracks [20]. Wang et al. 

Fig. 2  Principle of the CWR tool, adapted from [16]
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found that cooled tools increase the probability of central 
deformation [18]. Chen et al. describe that increasing the 
velocity of the tools reduces internal defects in CWR [21]. 
Li and Lovell found that the risk of internal defects depends 
on the forming angle � , the wedge angle � and the cross-
section reduction � A [22].

1.4  Machining

As the final process step in the production of hybrid high-
performance components, the machining step determines 
the finished surface and subsurface properties. According 
to this, the subsequent application behaviour and service 
life of components is largely determined by the machining 
process [23]. Subsurface properties are defined as the area of 
the component whose properties have been changed by the 
machining process, e.g. residual stresses, hardness or micro-
structure. The subsurface properties are decisively deter-
mined by the thermomechanical loads that the component 
experiences during machining. By post processing, such as 
deep rolling, the subsurface properties can be influenced 
in a larger depth range [24]. Furthermore, only mechanical 
loads occur during deep rolling [25]. Consequently, unfa-
vourable tensile residual stresses that lead to crack initiation 
and expansion are avoided. The service life of components 
can thus be extended [26].

2  Materials and methods

In this paper the influence of the process steps of a Tai-
lored Forming process chain on the surface and subsurface 
properties of the hybrid component is investigated. In order 
to determine the influence of the cladding material proper-
ties on the surface and subsurface properties claddings of 
X45CrSi9-3 are used and compared to previously investigated 

X2CrNiMo19-12 ones. The process steps and investigations 
are shown in Fig. 3. Hybrid semi-finished products are pro-
duced by LHWC. A subsequent CWR process is used to form 
a hybrid shaft with a bearing seat. Final dimensions and sur-
face roughness are achieved by turning and the hardness is 
increased by deep rolling. The knowledge gained from the 
aforementioned investigations can be used for the design of 
multi-material cladding systems with specifically applied sur-
face and subsurface properties like residual stresses.

2.1  Materials

The shafts used as base material are made of the unalloyed car-
bon steel C22.8, on which claddings of the martensitic chrom-
silica steel X45CrSi9-3 are applied. The chemical composi-
tions of theses steels are shown in Table 1. The martensitic 
steel has a high tensile strength of 900–1100 MPa [27], while 
the base material has a tensile strength of 410–540 MPa [28]. 
The results of this investiation are compared to the results of 
a previous investigation, where the austenitic stainless steel 
X2CrNiMo19-12 was used as a cladding material. The austen-
itic stainless steel is characterized by its good corrosion resist-
ance, but has a rather low tensile strength of 500 to 700 MPa 
compared with other cladding materials [29]. In addition to the 
differences in tensile strength, the cladding materials differ in 
the coefficient of thermal expansion. While X2CrNiMo19-12 
has a high coefficient of thermal expansion of 18.0 × 10−6 K−1 
in the temperature range from 20 to 500 ◦ C [29], the base 
material and the martensitic steel have coefficients of thermal 
expansion of only 14.1 × 10−6 K−1 (C22.8, 20–400 ◦ C) [30] 
and 11.8 × 10−6 K−1 (X45CrSi9-3, 20–400 ◦ C) [27]. The dif-
ferent coefficients of thermal expansion can lead to different 
residual stress states in the cladding during cooling after CWR.

2.2  Laser hot‑wire cladding

For the investigations, double layer claddings are applied to 
a shaft by means of LHWC. For this purpose, the coaxial 
deposition welding head MK-II, manufactured by Laser Zen-
trum Hannover e.V., is used. In this processing head, below a 
focusing lens the collimated incident laser beam is split into 
four partial beams by a four-sided reflectively coated pyramid, 
which are deflected by mirrors and converged again at a point 
below the welding nozzle [31]. The continuous wave diode 
laser beam source LDM3000-40 by Laserline with a wave-
length of 1020–1060 nm ± 15 nm and a fiber core diameter Fig. 3  Overview of process chain and investigations

Table 1  Chemical composition 
in wt% of X45CrSi9-3 [27] and 
C22.8 [28]

Fe C Si Mn P S Cr Ni Mo

C22.8 (1.0460) Bal. 0.18–0.23 < 0.40 0.30–0.90 < 0.025 < 0.015 < 0.30 < 0.3 < 0.08
X45CrSi9-3 (1.4718) Bal. 0.4–0.5 2.7–3.3 < 0.6 < 0.04 < 0.03 8.0–10.0 < 0.5
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of 400 μm is used. Wire feeding and heating is performed by 
the feed unit DIX FED100 and the power source DIX PI270, 
both manufactured by Dinse. The experimental setup is shown 
in Fig. 4.

The base cylinders used in this investigation have a diam-
eter of 27 mm and a length of 120 mm. Before cladding the 
base cylinders are sandblasted and cleaned with ethanol. The 
cylinder is placed in the chuck of the rotational axis, which 
is mounted onto the x–y-axis. By superimposing rotational 
and linear movement spiral weld seams are applied to the 
cylinder. Each cladding consists of 9 adjacent weld seams 
with a width of 14.4 mm and a total height of 1.4 mm. The 
cladding is applied centrally onto the base cylinder. A clad-
ded base cylinder is shown in Fig. 5.

An overview of the parameters used for cladding is shown 
in Table 2.

2.3  Cross‑wedge rolling

The CWR process is conducted in a CWR module at the 
IPH-Institut für Integrierte Produktion Hannover gGmbH 

(IPH). The CWR module is a test stand consisting of a 
machine frame that is inserted into an hydraulic press. It 
accommodates two sleds into which tools with a length of 
1500 mm and a width of 250 mm are mounted. Horizontally 
the sleds are moved by hydraulic cylinders with a power of 
125 kN each. The velocity of the horizontal movement is set 
to 150 mm/s. Vertically the force is applied by the hydraulic 
press (manufactured by NEFF). It has a maximum force of 
6300 kN and is set to 50 kN of closing force. Vertical end-
stops ensure minimum spacing between the tools.

An aluminum plate with inserted heating cartridges is 
integrated between the tools and the slides, which preheats 
the tools to 150 ◦ C. With an induction heating system from 
EMA-TEC GmbH, the hybrid shafts are heated to 1350 ◦ C 
within 60 s. The short heating time has the advantage that 
scale and surface decarburization can be minimized. Manu-
ally transferring and positioning the hybrid shafts after heat-
ing takes 20 s. A mechanical end stop is used for correct 
positioning of the hybrid shafts. The cladding is aligned with 
the center of the wedges of the bearing seat. Once the work 
piece is inserted and properly positioned, the hydraulic press 
lowers the upper tool to obtain the roll gap of 28 mm. At this 
point, the temperature of the work piece is approximately 
1250 ◦ C. Next, the tool slides are moved by the hydraulic 
cylinders and the forming process, which takes 9 s, begins. 

Fig. 4  Experimental setup for laser hot-wire cladding

Fig. 5  Base cylinder with X45CrSi9-3 cladding applied with laser 
hot-wire cladding

Table 2  Welding parameter for laser hot-wire cladding of 
X45CrSi9-3 on C22.8

Parameter Unit X45CrSi9-3

Scanning speed mm/min 1200
Current A 90 (first layer)

80 (second layer)
Laser power kW 2.1 (first layer)

1.95 (second layer)
Wire feed rate m/min 2
Shielding gas flow rate mm 8
Stickout mm 6
Seam-to-seam offset mm 1.6
Spot diameter mm 2.3
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Subsequently, the hybrid shafts are manually removed from 
the module and placed on a steel plate for cooling.

2.4  Turning and deep rolling

After CWR, the hybrid shafts are machined on a Gilde-
meister CTX420 linear lathe (manufactured by DMG Mori 
AG). In addition to shape, dimensional and positional toler-
ances, in particular the final subsurface properties of the 
hybrid component are set by the machining process. The 
influence of the turning and deep rolling process on the sub-
surface properties is investigated.

For this purpose, cylindrical hybrid shafts with a material 
transition in radial direction were turned as well as subse-
quently deep rolled (see Fig. 6). The turning experiments 
were carried out with coated indexable cemented carbide 
inserts of type DNMA 150612WAK20. These inserts have 
a symmetrical cutting-edge rounding of S̄ = 30 μ m. For the 
deep rolling experiments a hydrostatic rolling tool HG6 
(Ecoroll AG) with a ball diameter of d

b
 = 6.35 mm was used. 

For statistical verification, the test series for the different 
machining processes (turning, deep rolling) were repeated 
five times. The process parameters are shown in Table 3.

2.5  Residual stress measurement

Different thermal expansion coefficients of the respective 
materials, delayed cooling of subsurface and core, as well as 
local deformations, lead to the generation and modification 
of residual stresses after each process step. Residual stresses 
have a significant influence on the subsequent application 
behavior and thus on the service life of hybrid components. 
The investigation of the history of the residual stress changes 
in the path of the process chain is therefore crucial for the 
setting of defined residual stress states. X-ray diffraction, 

with the sin2�-method described by Macherauch and Mül-
ler, is used in order to determine residual stresses. [32]. The 
measurements were conducted on a Seifert XRD 3003TT 
two circle X-ray diffractometer by GE Inspection Technolo-
gies with a position sensitive detector. As anode material 
a Cr tube was used. The point focus measuring spot was 
limited with a 2 mm point collimator. Measuring conditions 
were: For C22.8 the �-Fe 211 peak was measured in a Bragg 
angle range of 2 � = 152.0◦–160.95◦ , �2� = 0.025◦ , t = 72 s, 
�  = −45◦ to + 45◦ in nine steps. For X45CrSi9-3 the �-
Fe peak was measured by 2 � = 123.0◦–133.9◦ , �2� = 0.1◦ , 
t = 72 s and the same � conditions. The maximum depth 
information of the X-radiation that can be obtained non-
destructively is �

max
 = 5.5 μm for �-Fe 211 and �

max
 = 5.1 μm 

for �-Fe 220. For higher depth information, material has to 
be removed. In order to keep the effect on the residual stress 
state negligibly small, the material is removed step by step 
by electrolytic polishing until the desired depth informa-
tion is achieved. For the material removal the electrolyte A2 
(60% perchloric acid) from Struers was used. The step size 
was 10 μm until the residual stress minimum was reached 
and was then adjusted individually according to the speci-
men to be measured with regard to the step size. The step 

Fig. 6  Experimental Setup on 
the CTX420 linear machine tool

Table 3  Experimental parameters of the machining processes

Parameter Unit Turning Deep rolling

Cutting speed v
c

m/min 120 –
Feed f mm 0.1 –
Depth of cut a

p
mm 0.1 –

Rolling speed v
r

m/min – 120
Overlap u % – 65
Rolling pressure p

r
MPa – 20
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size was subsequently varied between 50 and 100 μm . A 
number of 20–31 depth ablations was performed per speci-
men depending on the material transition. The measured 
data set was finally evaluated with the RayfleX software by 
General Electric GmbH.

2.6  Metallographic investigations and hardness

Cross-sections are made after each process step to inves-
tigate the distribution of the cladding layer, the hardness 
and the microstructure. For this purpose, two shafts per pro-
cess step are separated into quarters. One sample is used for 
analysis of layer distribution and microstructure. For this 
purpose, the sample is embedded, grinded, polished and 
etched with 2% nitric acid for the analysis of the cladding 
and base material. The seven other samples are used to ana-
lyze the hardness. The Vickers hardness test method is used 
to determine the hardness. Three series of measurements 
with 45 measurement values each at a distance of 0.1 mm 
are carried out per sample from the surface of the cladding 
into the base material.

3  Results and discussion

3.1  Cladding layer distribution

The layer distribution after the various process steps is 
shown in Fig. 7. After laser hot-wire cladding, the cladding 
is 1.4 mm high so the diameter in the area of the later bear-
ing seat is increased to 29.8 mm. Due to the dilution with the 
base material, the maximum cladding thickness is 1.75 mm. 
Cross-wedge rolling reduces the diameter of the shaft in the 
area of the bearing seat to 28 mm. The width of the cladding 
increases, while the thickness of the cladding decreases to 
1.35 mm. Subsequent machining reduces the bearing seat 
diameter to 27 mm, which leads to a cladding thickness of 
0.85 mm. Deep rolling has no influence on the cladding 
geometry, since only microforming takes place.

The layer distribution shows an asymmetric distribution 
after the process step cross-wedge rolling. The bearing seat 
is not completely cladded. This is caused by an unfavorable 
start position of the semi-finished product in the cross-wedge 
rolling module. However, this does not affect the analysis of 
the properties, since in all cases a sufficient amount of clad-
ding material is present in relevant measuring areas.

3.2  Microstructure and hardness

The microhardness profile of the shafts after LHWC with 
X45CrSi9-3 is shown in Fig. 8 and the microhardness profile 
of the X2CrNiMo19-12 cladding is added for comparison. 
For better comparability of the two hardness curves, the data 

points are arranged in such a way that the material transi-
tion zone is in the same position for both hardness curves. 
Fluctuations in the position of the material transition zone 
due to batch variations can thus not influence the overall 
impression. After laser hot-wire cladding the X45CrSi9-3 
cladding has a hardness of 670 HV0.1 to 725 HV0.1 while 
the X2CrNiMo19-12 cladding has a minimum hardness of 
200 HV0.1 and a maximum hardness of 305 HV0.1 in the 
transition area from base material to cladding material. The 
hardness of the base material ranges from 150 HV0.1 to 
170 HV0.1 and does not vary within the Tailored Forming 
process chain. The hardness of the X45CrSi9-3 cladding 

Fig. 7  X45CrSi9-3 cladding layer distribution after the different pro-
cess steps

Fig. 8  Comparison of the micro hardness profile in a hybrid shaft 
with a cladding of X45CrSi9-3 and X2CrNiMo19-12 after laser hot-
wire cladding
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material in this investigation is approx. 300 HV0.1 higher 
than the hardness values obtained in a previous investiga-
tion of a hybrid bevel gear of the same material combination 
[4]. In contrast to this study, a scanner-based laser hot-wire 
process was used to manufacture the cladding and different 
cladding geometry was used. This can lead to altered cool-
ing behavior and changes of microstructural compositions.

After CWR the mean hardness of the X45CrSi9-3 clad-
ding varies between 680 HV0.1 to 730 HV0.1 depending 
on the distance to the surface. The hardness near the sur-
face is a little bit lower with 585 HV0.1. Compared to the 
hardness values after the LHWC, significantly larger fluc-
tuations in hardness occur. The hardness values are higher 
than the hardness of the bevel gear of the same material 
combination after die forging. Only hardness values in the 
range of 380 HV0.5 to 580 HV0.5 were obtained there. The 
 X2CrNiMo19-12 cladding has hardness values between 

200 HV0.1 and 250 HV0.1. The microhardness profiles after 
CWR are shown in Fig. 9. The corresponding microstruc-
tural images for the microhardness profiles are shown in the 
Figs. 10 and 11.

The microstructure of the dilution zone after deposition 
welding is shown in Fig. 10a. The base material has a typical 
Widmanstätten microstructure of long white ferrite needles, 
which is caused by the high cooling rate from austenitis-
ing temperature during solidification. Figure 10b shows the 
microstructure of the cladding. Due to the second layer, an 
anistropic alignment of the structure is created in the first 
layer. The anisotropic attributes are not longer present due 
to the recrystallisation of the grains during CWR which is 
shown in Fig. 11a. The base material and the cladding layer 
have a more fine-grained microstructure which corresponds 
to a typical forming microstructure. Figure 11b shows a 
magnified image of the dilution zone, where a martensitic 
needle shaped microstructure in the cladding layer is present.

The further process steps of turning and deep rolling have 
no further influence on the base material and only lead to 
changes near the surface. Figure 12 shows the surface zone 
after turning and deep rolling. In Fig. 12b slight deforma-
tion textures are visible near the surface, while Fig. 12a 
shows the microstructure after turning. The black dots in 
Fig. 12b are carbon emissions which was proven by EDX 
measurements.

After turning the hardness of the X45CrSi9-3 clad-
ding is decreased to 670  HV0.1. The hardness of the 
 X2CrNiMo19-12 cladding is increased to 240 HV0.1 to 
270 HV0.1. The microhardness profiles after turning and 
deep rolling are shown in Figs. 13 and 14. Deep rolling fur-
ther increases the hardness of the area of the cladding which 
is close to the surface. For both cladding materials the hard-
ness decreases with further distance from the surface. In the 
X45CrSi9-3 cladding a maximum hardness of 740 HV0.1 is 
achieved, which is in the same range as the hardness after 

Fig. 9  Comparison of the micro hardness profile in a hybrid shaft 
with a cladding of X45CrSi9-3 and X2CrNiMo19-12 after cross-
wedge rolling

Fig. 10  Microstructure of the dilution zone (a) and cladding layer (b) after deposition welding
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laser hot-wire cladding. In the X2CrNiMo19-12 cladding the 
hardness is significantly lower at 370 HV0.1 but a significant 
increase of the hardness compared to all previous process 
steps can be observed. In deep rolling the Hertzian pressure 
leads to work hardening of the surface and subsurface which 
causes the increase in hardness compared to turned shafts.

3.3  Residual stress state

Figure 15 displays the residual stress depth profiles along 
the entire process chain. The profiles were measured in 
axial ( �

II
 ) and circumferential ( �

⟂
 ) direction of the speci-

men. While both, �-Fe and �-Fe could be measured in the 
X45CrSi9-3 cladding material using X-ray phase analysis, 
only �-Fe was predominantly detected in the C22.8 base 
material. Consequently, the detection of the material transi-
tion can be determined using the different phases in the spe-
cific material regions. Higher compressive residual stresses 
are found in the axial direction during deposition welding, 
turning and deep rolling. In these processes, increased plas-
tic deformation consequently takes place in the axial direc-
tion. In CWR, however, higher compressive residual stresses 
are measured in the circumferential direction. Accordingly, 
a stronger plastic deformation takes place in the circumfer-
ential direction during CWR.

At first sight, a change in the residual stress depth pro-
files along the process chain is noticeable. Tensile residual 
stresses are measured in the surface after deposition welding. 
With increasing surface distance, the residual stresses shift 
to compressive until a maximum is finally reached below the 
surface at a depth of approx. 0.05 mm. The material transi-
tion takes place in a depth range of 1.4 mm to 1.6 mm. In 
the residual stress depth profile of �-Fe, an increase of the 
residual stresses in tensile direction takes place within this 
range. The residual stresses measured at the �-Fe peak are 
also detectable only up to this depth range. The cause for 

high tensile residual stresses near the surface are thermal 
loads that the material experiences in the process. During 
deposition welding, the thermal stress acts locally on a very 
small surface area. This effect is further enhanced by the 
low coefficient of thermal expansion of the cladding mate-
rial, which limits the thermal expansion into the component 
depth. Thus, tensile residual stresses result surface near. Due 
to the stress equilibrium compressive residual stresses occur 
below the surface. After CWR, residual stress determination 
in the area near the surface is not possible. The reason for 
this is the oxide layer. After elimination of the oxide layer 
by electrolytic polishing, iron peaks can be detected again. 
Compared to deposition welding, the residual stresses in a 
depth range of 0.05–0.2 mm shift significantly into the ten-
sile range. The material transition takes place in a similar 
depth range as after deposition welding. A significant dif-
ference with respect to material transition can be observed 
after machining. Here, the material transition takes place at 
a significantly lower component depth. This is due to the 
fact that the material is separated during machining. This 
reduces the layer thickness and consequently the material 
transition takes place at a smaller distance to the surface. 
After the turning process, similar to deposition welding, the 
surface is subject to tensile residual stresses. With increasing 
component depth, however, these tensile residual stresses 
decrease and are shifted to compressive. A compressive 
residual stress maximum is reached very close to the sur-
face at a depth of 0.03 mm. With further increase, the com-
pressive residual stresses decrease until finally an increase 
towards tensile occurs in the material transition region. The 
residual stresses are almost constant along the process chain 
at approx. � = 100 MPa in the base material. The different 
process steps along the process chain only have effects in the 
area of the cladding material close to the surface. Deep roll-
ing shifts the residual stresses significantly to compressive 
ones. In contrast to the previous process steps, compressive 

Fig. 11  Microstructure of base and cladding material (a) and magnified view (b) after CRW 
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residual stresses are also present near the surface. This is due 
to the exclusively mechanical stresses that act during deep 
rolling. It is also noticeable that the gradient in the material 
transition region is significantly reduced by the deep rolling 
process. The typical convex residual stress depth curve is 
determined by Hertzian compression. A compressive resid-
ual stress maximum is reached at − 1400 MPa at a depth of 
z = 75 μm.

4  Outlook

In this study, the Tailored Forming process chain and 
its effect on the surface and subsurface properties of the 
hybrid component of the material combination C22.8 and 
X45CrSi9-3 was investigated and the results were compared 
to a previous study of the material combination C22.8/
X2CrNiMo19-12. The hybrid shafts were successfully 

manufactured without any layer separation, internal defects 
or cracks occurring in the course of the process chain. How-
ever, the position of the shaft in the CWR tool was unfavora-
ble, which resulted in the bearing seat not being completely 
covered by the cladding. But still, there is sufficient cladding 
material in the area to allow all planned analyses and meas-
urements to be carried out. After deposition welding high 
tensile residual stresses were measured in the surface of the 
cladding while compressive residual stresses were measured 
below the surface. This effect could also be observed in the 
previous investigation of the austenitic cladding material. 
After CWR a compressive residual stress state is present up 
to a depth of 1.2 mm. Below that point the residual stress 
shifts into the tensile state for �-Fe. Due to the lower coef-
ficient of thermal expansion of the cladding material the for-
mation of compressive residual stresses was to be expected. 

Fig. 12  Microstructure of the cladding layers after turning (a) and deep rolling (b)

Fig. 14  Comparison of the micro hardness profile in a hybrid shaft 
with a cladding of X45CrSi9-3 and X2CrNiMo19-12 after deep roll-
ing

Fig. 13  Comparison of the micro hardness profile in a hybrid shaft 
with a cladding of X45CrSi9-3 and X2CrNiMo19-12 after turning
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After turning a bow-shaped course of the residual stress 
profile is present. The surface is subject to a tensile residual 
stress but with increasing distance from the surface it shifts 
towards a compressive one. Deep rolling led to a shift of the 
residual stress state towards compressive residual stress. A 
maximum was reached at − 1.400 MPa at a depth of 75 μm . 
While the residual stress state in the cladding was affected 
by the thermal and mechanical loads during the different 
process steps the stress state of the base material remained 
in the range of 100 MPa during all process steps. Compared 
with the previous study, it is apparent that the coefficient of 
thermal expansion influences the stress state after hot form-
ing. Whereas in shafts with a cladding of austenitic stainless 
steel a tensile residual stress state occurs after forming, in 
shafts with a cladding of X45CrSi9-3 mostly compressive 
residual stresses occur and only in the area of the material 
transition tensile residual stresses could be detected.

High hardness values of 725 HV0.1 were achieved after 
LHWC. The hardness was slightly reduced during CWR and 
during turning. As expected, deep rolling increased the hard-
ness of the cladding material to a maximum of 740 HV0.1, 
which is only slightly higher than the initial hardness after 
LHWC.

As already known from the state of the art, the welded 
structure (Widmanstätten microstructure in the base mate-
rial and anisotropy in the cladding) could be converted into 
a fine-grained structure by hot forming.

In this paper it was shown that the coefficient of thermal 
expansion of the cladding material can influence the resid-
ual stress state after hot forming. In further experiments, 
it will now be investigated whether stronger compressive 
residual stresses after hot forming can be adjusted by tar-
geted material selection on the basis of the coefficients of 
thermal expansion. Conceivable options include the com-
bination of a cylinder made of C22.8 with a cladding of 
X2CrNiMo19-12 and a further cladding of X45CrSi9-3 or 
the use of cylinders made of austenitic stainless steel with a 
cladding of X45CrSi9-3.
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