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ABSTRACT
Ultrasonic additive manufacturing (UAM) is a solid-state manufacturing process for making
complex components. However, fabrication of ferritic (body centered cubic) steels has been
challenging for UAM due to its high hardness. This research successfully joined AISI 4130 steel
sheets by using soft Ni (face centered cubic) interlayers. The localisation of plastic deformation
in the Ni-interlayer leads to a significant reduction in voids. A post-process heat-treatment was
designed using thermodynamic calculations to dissolve nickel into steel matrix. Energy disper-
sive X-ray spectroscopymeasurements showed ∼ 10 μmNi from the interlayer diffused into the
steel side, confirming the feasibility of the approach. The shear tests showahigher shear strength
in comparison to as-processed 4130 without interlayers and post processed using hot isostatic
pressing (HIP).
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Introduction

Manufacturing steel with solid-state welding tech-
niques such as explosive welding and friction stir weld-
ing have been/are being established [1,2]. However, it
is often challenging to fabricate complex geometries
with common solid-state techniques. Using ultrasonic
additive manufacturing (UAM), it is possible to fabri-
cate parts with complex geometries and embed fibre
optic strain gauges. UAM is an advanced solid-state
manufacturing process that utilises a sonotrode that
vibrates at a 20 kHz frequency with an amplitude of
20–50 μm generating plastic deformation and obtain-
ing metallic bonding at the nascent plane between foils
[3–7]. To achieve bonding in UAM, plastic deforma-
tion is necessary [8–10]. However, the high strength
of the steel necessitates larger power input leading to
rapid tool wear and nugetting [11]. Therefore only soft
materials such as Al [4, 12–14] and Cu [15,16] alloys
have been successfullymanufactured usingUAM,while
only limited literature about UAM with steels has been
reported [11].

Owing to the limited amount of published litera-
ture on fabricating steels through UAM, the authors
reviewed other solid-state joining processes, i.e. friction
and friction stir welding with high strain rates similar
to UAM [2,17,18] for guidance to the current research.
This review indicated crucial differences betweenUAM

and other solid-state joining processes. For instance, in
the case of friction welding and friction stir welding of
steels, the temperature rise can heat up the steel closer
toAc1 orAc3 temperature, whichwould lead to austeni-
tisation in the stir zone [2,18], and thereby enabling
plastic deformation in the joint zone. Yet, it has been
shown that all steels do not necessarily austenitise dur-
ing friction stir welding. The alloys which are lean in
carbon tend to have higher Ac1 temperatures and are
also soft. The softness would result in lower peak tem-
peratures due to the lower energy input required to
weld these steels. The lower energy input could bene-
fit the welding process by preventing nuggets and rapid
tool wear [2], which are some of the major challenges
in welding steels using friction welding. Interestingly,
UAM has a modest macroscopic temperature increase
[19] in materials, which supports the reason for poor
joining characteristics. Based on the above review, we
could conclude that UAM of steels can be successful
only if the initial zone undergoing plastic deformation
is either soft originally or achieves the soft state during
processing (above the Ac3 in the γ region).

One way to circumvent this challenge would be
to use soft interlayers in between the steel layers.
There are studies on soft–hard dissimilar metal com-
binations in UAM such as steel-tantalum [3], steel-
aluminium [20,21], titanium-aluminium [5,7], and
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Figure 1. Schematic of welding sequence of 4130 (a) with Ni interlayer (b) without Ni interlayer.

Table 1. Nominal composition in percentage (%) of 4130 and Ni 200.

Element Cr Mn C Si Mo S P Ni Cu Fe

4130 0.9 0.5 0.29 0.2 0.2 0.04 0.035 – – Balance
Ni 200 0.35 0.02 0.35 0.01 Balance 0.25 0.4

copper-aluminium [16]. Most of the plastic deforma-
tion occurred in the softer materials and resulted in the
formation of metallurgical bonding [20]. In addition, if
the soft interlayer can be dissolved into steel foil by post
weld heat-treatment (PWHT), a steel to steel weld can
be achieved. The next design criterion is reducing the
tendency for the formation of liquid phase and brittle
intermetallic compounds during processing or PWHT.
Therefore, the selection of an interlayermaterial should
be based on (1) low hardness, (2) higher melting point
than processing temperatures, (3) reduced intermetallic
formation susceptibility during PWHT and (4) ability
to dissolve into steel, i.e. increased solid solubility in
the matrix phase. With a quick review of (Fe-X) binary
phase diagrams with many alloying additions (X), one
can conclude that nickel is a potential interlayer candi-
date. Since nickel has good solubility in body centered
cubic (BCC)-Ferrite (>3 wt-%) and in face centered
cubic (FCC)-Austenite (isomorphous), a single-phase
solid solution can be achieved by using suitable PWHT
(temperature and time). The major challenge for Ni–Fe
inter diffusion is the correct selection of temperature for
PWHT. While higher temperatures lead to enhanced
diffusion, an increase in temperature above Ac3 would
lead to a drop of diffusivity of Ni in steel matrix due to
the allotropic transformation of BCC to FCC [22, 23].
Moreover, higher temperature conditionsmay also lead
to the formation of Kirkendall voids due to the signifi-
cant difference in intrinsic diffusivity of Ni and Fe at the
Ni–steel interface, which lowers the bond strength.

Therefore, this research will evaluate the feasibility
of using Ni as an interlayer both from a perspective
of UAM and post-processing treatments to facilitate
the fabrication of 4130 steel parts using UAM. Thus,
low alloy 4130 steel tapes (120 μm) were processed
using high purity Ni 201 tapes as the interlayer. The as-
fabricated builds were heat-treated to dissolve the Ni
into the 4130 foils in the solid state. Shear tests were

Table 2. Weld parameters used for steel-Ni build.

Parameter Level

Weld force (N) 9000
Weld speed (mm/s) 33.87
Amplitude (μm) 37.87
Temperature (°C) 93.33

conducted on both the as-fabricated and post-weld
heat-treated conditions to evaluate the performance.

Experimental details

Sample Fabrication

In this study, five layers of 0.127 mm (0.005 in) thick
annealed 4130 steel foils and five layers of 0.025 mm
(0.001 in) thick Ni 201 foils were alternatively welded
onto a 5.08 mm (0.2 in) thick annealed 4130 base-
plate (see Figure 1). The nominal compositions of 4130
steel and Ni 201 are presented in Table 1. A bilayer
arrangement where steel is laid on top of Ni is used.
This technique has been used in the past to fabri-
cate Al–Ti builds and these details are discussed else-
where [5]. Pilot welds were performed to determine
a viable set of weld parameters. For the sake of com-
parison another set of builds without any interlayers
were also fabricated. Using the same weld parameters,
the average power drawn is close to 3250 W to weld
the steel with Ni interlayer while 4200 W power was
used to weld the 4130–4130 baseplate [11]. Selected
parameters for making all the samples in this study are
shown in Table 2. This set of parameters is not formally
optimised.

Thermodynamic calculations

To optimise the post processing treatments without
the time-consuming trial and error process, interdif-
fusion calculations using x = √

Dt (x is inter diffusion
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distance,D temperature dependent diffusion coefficient
and t is time) were performed to down select the ideal
temperature to maximise Ni inter diffusion. Following
this, THERMOCALC

R©
and DICTRA

R©
[24,25] soft-

ware were used to simulate the post weld heat treat-
ments. The simulation was initialised as a 25 μm thick
Ni sheet attached to a 125 μm thick sheet of steel. These
values correspond to the actual dimensions of the foils
used for consolidation of the samples. Simulations were
performed at 1000 K (identified using analytical diffu-
sion calculations method) for 1, 2, and 10h to evaluate
the inter-diffusion of Ni with steel. The Ac1, Ac3, and
Ms temperatures of the steel matrix were calculated by
JMatPro

R©
with varying Ni wt-% to understand the role

of nickel uptake.

Post weld heat treatments

Following the simulations, post weld heat treatments
were performed at 1000 K for 1, 2, and 10h to val-
idate the simulations. The actual heat treatment was
conducted in vacuum at a heating rate of 30°Cmin−1

and a cooling rate of less than 10°Cmin−1. Follow-
ing heat treatment, cross-sections were prepared for
detailed microscopy to evaluate the extent of diffusion
of Ni into the steel and the microstructure evolution.

Microstructure characterisation

The cross-sections were polished using standard met-
allographic techniques and then etched using a 2%
Nital solution. The cross-sections were then char-
acterised using optical microscopy, scanning elec-
tron microscopy, energy dispersive spectroscopy and
electron backscatter diffraction to understand the
effect of Ni diffusion on the microstructure. Elec-
tron microscopy was performed using a JEOL 6500 F
equipped with an energy dispersive X-ray spectroscopy
(EDS) detector and an electron backscatter diffraction
detector. The imaging and electron backscatter diffrac-
tion (EBSD) were performed at an accelerating voltage
of 20 kV and a probe current of 2 nA was used. Local
mechanical properties were characterised using nano-
indentation to understand the effects of the weld fab-
rication using interlayers using a Nanomechanics Inc.
iMicro system with InForce 1000 actuator. A three-
faced Berkovich indenter was applied to a displacement
of 500 nm at a strain rate of 0.05 s−1 with a dwell time
of 20 s to remove time-dependent plasticity effects. The
indents were placed with a spacing of 10 μm. The load
displacement curves were analysed using the Oliver
Pharr technique [26].

Mechanical testing

Shear testing was conducted to obtain mechanical
strength of the weld interface. Three shear specimens

of each heat-treatment condition were cut out from
UAM samples. Details of this method are discussed
elsewhere [5,11]. The as-welded and samples post
processed at 1000 K for 1 and 10h were tested.
The nominal dimensions of the shear specimens are
4.95× 4.83× 3.81mm3 and shown in refs. [5,11]. Spec-
imens were tested using a 50 kNMTS load frame where
the load was applied until failure.

Results and discussions

Characterisation of the as-fabricated samples

The as-received microstructure of 4130 steel foils had
martensite+ carbide microstructure. However, a soft-
ening step was essential to enable plastic deformation
in the steel to allow for joining without interlayers.
With such pre-processing, the as-received foil and
plate microstructure contained a microstructure of fer-
rite+ tempered martensite+ carbides. Figure 2 shows
the 4130 steel interfaces processed without nickel
interlayer at different length scales and shows vary-
ing degrees of bonding. The optical micrograph
(Figure 2(a)) shows the presence of voids in the inter-
face. Figure 2(b) shows the voids (marked with a red
box) at higher magnification and confirmed the lack
of plastic deformation. Interestingly, the bonded zones
shown in Figure 2(c) show plastic flow. The evidence
for the plastic deformation [see Figure 2(d)] is inferred
from the decomposition of cementite (Fe3C) laths near
the interface. Although the dissolution of pearlite in
steels and supersaturation of ferritic matrix due to
heavy plastic deformation has been extensively docu-
mented in the past [27,28], the onset of such mecha-
nisms during UAM is not proven and requires future
work with site-specific atom probe tomography mea-
surements.

In the next step, the as-received 4130 foils without
any softening heat treatments were bonded with nickel
interlayers. Interestingly, good welds were produced
without the need for annealing treatments of steel
foils. The SEMmicrographs from this configuration are
shown in figure-3 (a-c). Figure-3 (a) shows two inter-
faces at a low magnification. The micrograph clearly
shows significant reduction in the number of voids, as
well as, non-uniform grain refinement. The refinement
is more pronounced in the region where the Ni flows
along the contours of the steel, i.e. where the steel sur-
face is rough (region is marked in Figure 3(a)). The flat
interfaces, on the other hand, (marked in Figure 3(c))
does not show significant refinement. Higher magni-
fication images of the regions marked in Figure 3(a)
and (c) are shown in Figure 3(b) and (d) respectively,
which clearly contrast the difference in the refinement
of the grains. This has been previously observed during
welding Al-Ti dissimilar metal welds [5,7] and steel-
Ta dissimilar metal welds [3]. The roughness in the
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Figure 2. 4130 Steel-Steel in the as welded without interlayer (a) optical micrograph showing significant void fraction and the het-
erogeneity in the interface (b) Optical micrograph showing the un bonded regions (c) Optical micrograph of the bonded location (d)
SEM image of the interface corresponding to the bonded region shown in figure (c) and the inset shows the possibility of localised
cementite lamella dissolution.

upper portion of the foil is induced by the sonotrode
during the welding of the previous foil. This plastic
deformation from the sonotrode results in grain refine-
ment only in the upper surface of the steel foil as
observed previously with Al and Ti dissimilar metal
welds. This sonotrode affected region results in Ni flow
into the contours and consequently generate the wave

formation as seen in Figure 3(b). Owing to this lack of
plastic deformation at the bottom foil, the bottom foil
should therefore have a lower hardness compared to the
sonotrode affected regions. In addition, due to the con-
centration of plastic deformation in Ni as hypothesised
the difference in the hardness gradients should also be
significant.

Figure 3. 4130 Steel-Ni-Steel in the as welded condition (a) & (b) SEM-back scatter image showing the grain structure in Ni and steel
in a region where Ni flows into the contours of the sonotrode affected region (c) & (d) SEM-back scatter image showing the grain
structure in Ni and steel in a region with a flat interface showing deformation concentrated in the Ni foil zzzz.
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To confirm local differences in the mechanical
properties detailed nano indentation was performed.
The hardness measurements were primarily aimed at
understanding the effects of localised plastic deforma-
tion at the interface. Nano-indentation results show
that upper surface of the foil (sonotrode affected region)
has higher hardness compared to the lower surface of
the foil. Higher hardness was measured in the region
located within the sonotrode affected in the upper sur-
face of the foil (5.76± 0.41 GPa), compared to region
lower surface of the foil (4.24± 0.12 GPa). The hard-
ness of Ni interlayer is 3.53± 0.08 GPa. However, in the
case of steel to steel welds fabricated without any inter-
layer the hardness at the interface is 6.5± 0.27 GPa.
This could be attributed to the higher energies used for
fabricating the steel to steel builds. The result of such
increases in power is manifested in the interface.

To study the local effects deformation with the
addition of Ni interlayer detailed electron backscatter
diffraction was performed. The results are presented in
Figure 4(a,b). Figure 4(a) shows the inverse pole figure
(IPF) corresponding to the samples fabricated with a
Ni interlayer. The EBSD micrographs clearly show the
difference in the grain structure at the interface. For
instance, the ferrite grains in the steel samples fabri-
cated without interlayers are much finer compared to
the samples fabricated with an interlayer. This reduc-
tion in grain size for the samples fabricated without the
interlayers could have resulted due to the higher UAM
power used to fabricate these builds. A higher power
implies higher plastic deformation. A more detailed
texture analysis needs to be performed to rationalise the
relationship between the applied power and the plastic
deformation at the interface which is beyond the scope
of this paper.

Post weld heat treatment simulations

The purpose of the post weld heat treatment simula-
tions was to identify process parameters to enable Ni
dissolution into the steel in the solid state without time-
consuming trial and error. The aim of performing such
calculations is to select the temperature which would
maximise Ni dissolution in the steel at the minimum

time.Apreliminary review of the inter diffusion ofNi in
steel suggests that the maximum diffusion coefficient is
below the lower critical temperature. This is due to the
formation of FCC above the Ac1 which leads to a reduc-
tion in the diffusion coefficient. The diffusion coeffi-
cient of Ni in BCC is two orders of magnitude higher
than in FCC. The changes in the diffusion coefficient
as a function of temperature can be estimated using
the following analytical equations reported elsewhere
[22,23].

Dγ = 0.77e
(−67,000

RT
)

(1)

Dα,T>800◦C = 1.3e
(−56,000

RT
)

(2)

Dα,680◦C<T≤800◦C = 1.4e
(−58,700

RT
)

(3)

The results are shown in Figure 5(a). The calcula-
tions based on the classical diffusion equation x = √

Dt
show that for a 10-hour treatment at 800°C (1073 K)
the maximum achievable inter diffusion zone is ∼15
μm. The preliminary calculations also indicate that for
a given time inter diffusion of Ni into steel is maximised
at 800°C (1073 K) [23]. Based on these preliminary cal-
culations DICTRA was used to calculate the extent of
inter-diffusion of Ni into the steel at 1000 K with dif-
ferent holding times [25]. The results are presented in
Figure 5(b). The results from the DICTRA simulations
however are significantly different from those results
calculated based on the analytical diffusion model. The
data clearly shows that only amaximum of 6.5 μm of Ni
could be dissolved into the steel. This discrepancy can
be rationalised as follows. The post-weld heat treatment
was conducted at 1000 K, which is below the lower crit-
ical temperature of 4130 steel, therefore, no ferrite to
austenite phase transformationwas originally expected.
However, upon heat treatment the inter-diffusion of Ni
into the steel effects a reduction in the lower critical
temperature increasing the localised formation of an
FCC layer. As stated previously formation of an FCC
layer leads to the significant reduction in the diffusion
coefficient. Calculations using JMatPro R©

showed that
with the addition of Ni to 4 wt-% into 4130 steel, Ac3
is lowered from 1072 to 995 K, which is lower than
the heat treatment temperature 1000 K which leads to

Figure 4. Inverse pole figure of the (a) steel to steel weld with a Ni interlayer, and (b) steel to steel build without any interlayer (c) as
received foil.
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Figure 5. Calculated inter diffusion distances (a) using analytical (x = √
Dt) equation to calculate the inter-diffusion distance (b)

using DICTRA.

Figure 6. SEM BSE images showing the interfaces after heat treatment at 1000 K (a) 1 h (b) 2 h and (c) 10 h (d) EDS line scans clearly
showing the extent of inter diffusion of Fe (purple) and Ni (orange) in the as processed and post processed samples. AGG: abnormal
grain growth.

the formation of austenite. While the analytical calcu-
lations are unable to account for these transformations,
DICTRA accounts for these. To investigate the effect of
post-processing the samples fabricatedwithNi interlay-
ers were then subject to heat treatment at 1000 K for 1, 2
and 10 h and analysed. The results are presented in the
following section.

Characterisation of post weld heat treated

interfaces

The micrographs of the heat-treated and as-welded
samples for comparison are presented in Figure 6.
Figure 6(a–c) shows the microstructure after heat
treatment of 1000 K for 1, 2 and 10 h, respectively.

The SEM-BSE micrographs show contrast at the Ni–Fe
interfaces, which is evidence of inter-diffusion of Ni in
steel. In addition, there is a zone in the steel adjacent to
theNi foil showing different contrast which is attributed
to the formation of FCC layer. While significant grain
growth in the Ni foils occurred during the annealing
treatment, the grain growth in the case of FCC zone
was limited. In addition, the grain growth did not occur
in the steel foils as well in the case of the samples
annealed for 1 and 2 h while abnormal grain growth
(marked in Figure 6(c)) did occur in the samples sub-
ject to the 10-hour heat treatment. The reason for this
apparent difference in the grain growth is beyond the
scope of the paper andmore work is warranted to study
these phenomena in more detail. The extent of inter
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Figure 7. (a) Load vs. displacement curves for shear testing of the as processed and the heat-treated specimens (b) examination of
the fracture surface of the as fabricated sample (c) examination of the fracture surface of the sample post-processed at 1000 K for 1h
(d) examination of the fracture surface of the sample post-processed at 1000 K for 10h.

Table 3. Summary of the shear test results.

Area under the curve (N mm)

Test-1 Test-2 Test-3 Mean Coefficient of variation

As fabricated 1468.65 276.4846 141.67 628.93 1.16
1000 K 1 h 29,082.00 12,444.00 7389.00 16,305.00 0.67
1000 K 10 h 21,210.00 19,581.00 16,062.19 18,951.06 0.14

Maximum load (N)

Test-1 Test-2 Test-3 Mean Standard deviation

As fabricated 2119.776 970.862 1680.425 1590.354 0.239
1000 K 1 h 5567.083 4981.636 4139.923 4896.923 0.113
1000 K 10 h 7004.251 6380.572 6141.53 6508.784 0.064

diffusion is measured using EDS. EDS measurements
corresponding to each condition is shown adjacent to
the micrograph and is plotted in Figure 6(d). The EDS
micrographs show an inter diffusion zone ∼10 μm
which is close to the DICTRA simulations. This clearly
shows that having Ni interlayers with thicknesses <10
μmwould completely dissolve in the steel leading to the
formation of a steel–steel interface as hypothesised in
the previous section.

Mechanical testing and fracture surface

characterisation

The load vs. displacement curves obtained during shear
testing of 4130 steel with Ni interlayers in the as-welded

and PWHT conditions are shown in Figure 7. The
results are tabulated in Table 3. As expected, the shear
strength and area under the load-displacement curves
(total energy absorbed) are maximised for the condi-
tion where the samples are annealed for 1000 K for 10 h
and decreases with a decrease in the annealing temper-
ature. The results show that after PWHT for 10 h, the
shear strength increased more than three times relative
to the as-welded condition. Apart from an increase in
both the maximum load and the area under the curve,
longer heat treatment times also reduce the heterogene-
ity in the mechanical properties as evidenced by the
standard deviation values shown in Table 3.

Follow up characterisation was performed on the
shear fracture surface to understand the reason for



SCIENCE AND TECHNOLOGY OF WELDING AND JOINING 389

Figure 8. (a) Schematic illustration of the shear test geometry (b) schematic illustration of the fracture morphology of the sample
post processed at 1000 K for 1 h (c) schematic illustration of the fracture morphology of the sample post processed at 1000 K for 10 h
(d) optical micrograph of the fractured samples of the (a) as fabricated sample showing fracture occurred by delamination of the first
layer (b) post processed for 1 h showing fracture occurring via multiple layers (c) post processed for 10 h showing fracture occurring
via multiple layers as illustrated in Figure 8(c).

the improvement in strength and absorbed energy of
the heat-treated samples. The results are presented in
Figure 7(b,c). Figure 7 (b) corresponds to the samples
heat treated for 1 h while Figure 7(c) corresponds to the
samples heat treated for 10 h. The respective EDS maps
indicate the presence of both Fe and Ni-rich regions
along the entire fracture surface indicative of fracture
occurring across multiple layers. While Figure 7(b)
shows the presence of both Ni and Fe along the entire
fracture surface, the Fe and Ni distribution in the case
of samples heated for 10 h are discrete with local Fe
and Ni-rich regions. This could be attributed to the
location of the fracture. For instance, the presence of
both Fe and Ni in the sample post-processed for 1 h is
indicative of fracture occurring in the inter-diffusion
zone while the sample post-processed for 10 h is indica-
tive of fracture in the steel. A schematic illustration of
the fracture methodology is shown in Figure 8(a–c).
Figure 8(a) shows a schematic illustration of test geom-
etry. Figure 8(b) shows the failure morphology for in
the case of the sample post processed at 1000 K for 1 h,
while Figure 8(c) shows the failure morphology in the
case of the sample post processed at 1000 K for 1 h.
The fracture morphologies are interesting, because the
extended heat treatments allowed the steel matrix to
absorb the energy due to loading by co-deforming with
nickel enriched regions. This design philosophy can be
used for complex UAM geometries.

The average maximum shear load for UAM 4130–
4130 steel welds were tested using the same technique
in a previous study and reported to be 1690 N for the as
processed state and 4921N after a post processing treat-
ment using spark plasma sintering [11].While using the
Ni interlayer in the as fabricated state themean loadwas
1590 N and upon post processing using a simple heat

treatment cycle for one hour an average maximum load
of 4896Nwas achieved. Significant improvements were
achieved via a 10-hour treatment which showed an
average maximum load of 6508 N. However, optimis-
ing theNi-interlayer thickness to achieve complete inter
diffusion of Ni in the future needs to be performed.

Published literature on both similar and dissimi-
lar metal welds have shown an improvement in both
the strength and elongation during post processing
[5,12,13,16]. While it has been shown that in the case
of dissimilar metal welds the formation of a thin layer
of intermetallic acts similar to a thin braze layer [16].
Consequently, the biaxial stress state achieved leads to
improvement of mechanical strength [16] although sig-
nificant void closure does not occur. This has been
reported in Al-Cu and Al-Ti samples. In this case, as
well a small layer of FCC region is present at the inter-
face. The role of the FCC layer on plastic deformation
is still not clear and is a matter of future investigation.

Summary and conclusions

A design and manufacturing methodology for 4130
steel builds using UAM with Ni interlayer was demon-
strated with a reduction of ultrasonic energy by 50%.
The selection of nickel and post processing treatments
were designed using computational thermodynamics
and kinetics tools to achieve solid-state dissolution. The
nickel layer allowed for (i) sustained plastic deforma-
tion at abetting interfaces, (ii) eliminated intermetallic
phase formation and (iii) enabling solid-state disso-
lution into the steel matrix (up to 10 μm into steel
matrix) during postweld heat treatment. The shear tests
show significantly higher performance compared to
published 4130 steel-steel properties. The shear failure
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in the builds with interlayers occurred by delamination
across multiple layers which lead to increase in the total
energy absorption.
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