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Abstract

Ultrasonic additive manufacturing (UAM) is a solid-state manufacturing technology for producing

near-net shape metallic parts combining additive ultrasonic metal welding and subtractive machining.

Even though UAM has been demonstrated to produce robust metal builds in Al-Al, Al-Ti, Al-steel, Cu-

Cu, Al-Cu, and other material systems, UAM welding of high strength steels has proven challenging.

This study investigates process and post-processing methods to improve UAM steel weld quality and

demonstrates the UAM fabrication of stainless steel 410 (SS 410) builds which possess, after post-

processing, mechanical properties comparable with bulk material. Unlike UAM fabrication of softer

metals, this study shows that increasing the baseplate temperature from 38◦C (100◦F) to 204◦C

(400◦F) improves the interfacial strength and structural homogeneity of UAM SS 410 steel builds.

Further improvement in strength is achieved through post-processing. The hot isostatic pressing

(HIP) post treatment improves the shear strength of UAM samples to 344 MPa from 154 MPa for

as-welded samples. Microstructural analyses with SEM and EBSD show no evidence of body centered

cubic (BCC) ferrite to face centered cubic (FCC) austenite transformation taking place during UAM

welding of SS 410. The weld quality improvement of UAM steel at higher baseplate temperatures is

believed to be caused by the reduction of the yield strength of SS 410 at elevated temperature. HIP

treatment is shown to increase the overall hardness of UAM SS 410 from 204±7 HV to 240±16 HV

due to the formation of local pockets of martensite. Nanohardness tests show that the top of layer n

is harder than the bottom of layer n+1 due to grain boundary strengthening.
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1 INTRODUCTION

1. Introduction

Ultrasonic additive manufacturing (UAM), also known as ultrasonic consolidation, is a solid-state

manufacturing process that combines additive welding and subtractive machining [6]. During the

welding process, a rolling sonotrode is used to apply a force normal to metal foil feedstock along with

ultrasonic (20 kHz) transverse vibrations. The resulting localized plastic deformation has the effect5

of collapsing asperities and dispersing oxides and contaminants at the welding interface, generating

nascent metal surfaces that produce gapless metallurgical bonds. UAM welding typically occurs at

temperatures that are less than one half of the melting temperature of the constituent materials [14].

This enables dissimilar material combinations, such as Al-Ti [24, 31] and Al-ceramic [3], to be joined

by UAM without the creation of brittle phases. The welding process is then repeated to build a10

component. A computer numerical control (CNC) stage is employed to selectively remove material

and machine the part to final dimensions. The subtractive stage can also be used to make arbitrary

internal features such as channels and cavities for embedding reinforcement fibers [7, 29] and thermally

sensitive materials such as nickel titanium shape memory alloys [9, 10] and fiber optics [19]. A schematic

of the UAM process is shown in Fig. 1.15

Fig. 1 Schematic of the UAM process.

UAM has been proven to produce robust similar metal builds in Al-Al [12, 30, 22] and Cu-Cu [25].

However, UAM welding of steels remains challenging. In the early stages of research on UAM welding

of steel, Tuttle [27] showed that it is possible to weld AISI austenic stainless steel 316L (SS 316L) foil

to a baseplate. No foil-to-foil bonding was achieved and optical images of the foil-to-baseplate interface

showed that the foil was only partially bonded to the baseplate. Gonzalez et al. [5] used thinner SS20

316L foils to achieve steel foil-to-foil bonding via UAM and identified the optimum parameter set for

welding SS 316L based on optical images and linear weld density. No mechanical properties of UAM-

fabricated SS 316L builds were provided. These UAM steel studies included no post-process treatment

methods. For UAM, post-process treatment methods like hot isostatic pressing (HIP) have been shown
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2 EXPERIMENTAL METHODS

to be beneficial for improving the weld quality of UAM builds [8, 15]. In a recent study by Asaf et25

al. [15], spark plasma sintering (SPS) and HIP have been applied to UAM-made AISI carbon steel

4130 steel samples to further improve their mechanical properties and microstructural homogeneity.

Shear testing and microstructural analyses were conducted and reported. The results show that both

treatments improve the weld quality of UAM builds, but the SPS method also introduces carbon into

the material which creates inhomogeneity in the z-direction. The effect of UAM process parameters30

on steel builds is not presented.

These studies illustrate the ability of UAM to 3D print steel parts and suggest that improvements

in weld quality may be achieved by applying heat input and post-process treatments. In this paper, the

weldability of AISI martensitic stainless steel 410 (SS 410) along with the effect of pre-heat baseplate

temperature and post-process HIP on the mechanical properties and microstructure of UAM-fabricated35

SS 410 are studied. Even though different preheat temperatures were shown to not have a significant

impact on the bond quality of UAM structures in a design of experiment study on Al alloys [30], there

is evidence that preheat temperature may be beneficial for steel welding [27, 5]. Thus, varied pre-heat

temperatures are used in this study to investigate their effect on UAM steel weld quality. Furthermore,

the influence of HIP as a post-process method to improve mechanical and microstructural properties of40

UAM steel builds is investigated. A customized shear test was designed to test the mechanical strength

of UAM samples that were built under different conditions. The shear strength of UAM-fabricated SS

410 was benchmarked against bulk SS 410. Optical microscope, scanning electron microscope (SEM),

and electron backscatter diffraction (EBSD) analyses, as well as microindentation and nanoindentation

tests were used to gain deeper insights into the effect of the UAM process on the microstructure and45

hardness of weld interfaces and bulk material.

2. Experimental Methods

2.1. Sample Fabrication and Test Plan

In this study, all samples were manufactured using a Fabrisonic SonicLayer 4000 9 kW UAM

system. Nine layers of 0.127 mm (0.005 in) thick, 25.4 mm (1 in) wide annealed SS 410 steel foils150

were automatically fed and welded onto a 12.7 mm (0.5 in) thick ASTM A36 hot-rolled carbon steel

baseplate.

Pilot welds were performed to identify viable weld parameters; those include normal force, vibration

amplitude, weld speed, and baseplate preheat temperature. As is common practice in UAM work, weld

parameters were considered viable when a welded foil could not be pulled off by hand. The process55

parameters and levels that are selected for building UAM samples in this study are listed in Table 1.

1The welding width of the sonotrode is 20.3 mm (0.8 inch).
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2.2 HIP Processing 2 EXPERIMENTAL METHODS

Table 1 Process parameters used for SS 410 weld.

Parameters Level 1 Level 2

Normal force (N) 6000 6000

Vibration amplitude (μm) 31.08 31.08

Weld speed (m/s) 0.017 0.017

Baseplate temperature (◦C) 38 204

Four different treatment combinations were utilized as shown in Table 2. Mechanical shear testing

utilizing a custom shear fixture was conducted on all samples. SEM and EBSD analyses were also

employed on samples that were welded at a baseplate temperature of 204◦C (400◦F) to be tested for

both as-welded and HIP treatment conditions.60

Table 2 Test plan.

Pre-heat Temperature As-welded HIP

38◦C (100◦F) Shear Shear

204◦C (400◦F) Shear/SEM/EBSD Shear/SEM/EBSD

2.2. HIP Processing

One UAM SS 410 build for each weld condition was treated under HIP. Typical HIP systems deliver

up to 2000◦C temperature and up to 207 MPa pressure [18]. The process parameters summarized in

Table 3 were determined based on previous HIP studies on similar materials like carbon steel 4130

[15] and composite TiB-SS 316L [1]. After HIP treatment, the mechanical properties of the builds65

were examined by shear testing and the microstructural characteristics were investigated by SEM and

EBSD analyses as outlined in Table 2.

Table 3 Process parameters selected for HIP UAM SS 410.

Hold Temperature Hold Pressure Hold Time Atmosphere

1121◦C 103.42 MPa 4 hours Argon
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2.3 Shear Testing 2 EXPERIMENTAL METHODS

2.3. Shear Testing

Since the UAM fabricated builds have a unique laminated construction, quantification of the in-

terfacial strength between layers is critical. In previous work, peel testing [13] and push pin testing70

[33] have been used to provide comparative interfacial strength information. However, these tests

cannot provide material properties to benchmark against solid material. Hence a custom shear test

method was developed to characterize the mechanical strength of a specific interface of UAM builds.

A schematic of the shear fixture is shown in Fig. 2(a). The use of this type of shear test on UAM

samples was first introduced by Wolcott et al. [31].75

(a) (b)

(c) (d)

Fig. 2 Shear test design including (a) conceptual schematic of shear fixture, (b) image of stepped shear sample

with nominal dimensions, (c) schematic of test loading condition, and (d) experimental setup of the shear test

with loaded sample.

As presented in Fig. 2(b), a stepped sample geometry has been employed in this study to ensure

that the shear occurs at the interface between the baseplate and the first layer of foil. The stepped

shear samples were loaded into the fixture and then tested on an MTS C43.504 50 kN load frame. A

schematic of the loading condition and an image of the experimental setup are shown in Fig. 2(c) and

2(d). The tests were conducted on three samples for each weld and treatment condition.80
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2.4 Microstructural Analyses 3 RESULTS AND DISCUSSION

The shear strength is defined as τ = F/A, where F is the maximum compressive force during the

shear test process that is read from the load frame and A is the cross-section area of the sample loaded

in shear, which is measured with a micrometer.

2.4. Microstructural Analyses

Microstructural analyses including SEM, EBSD, microindentation, and nanoindentation were per-85

formed to investigate the global and local changes in microstructure and hardness of UAM samples.

In order to preserve the microstructures developed during the UAM and HIP process, samples were

sectioned using a low-speed saw with coolant to minimize heating. Then, the samples were mounted

in conductive bakelite and polished according to standard metallography preparation procedures. A

final polish was performed using colloidal silica to remove the deformed layer on the surface. SEM and90

EBSD were performed by using a JEOL 6500 machine equipped with an EBSD detector to investigate

the microstructure changes during the UAM and HIP processes. Microindentation tests were carried

out with a LECO LM100 to quantify global hardness properties of the UAM steel samples. Nanoin-

dentation tests were performed with an Inforce 1000 machine to obtain local hardness properties across

UAM interfaces.95

3. Results and Discussion

3.1. Shear Test Results

A summary of the shear test results for all four treatment conditions is provided in Table 4.

Individual loading curves are presented in Fig. 3. Three samples were intended to be tested for each

condition. However, one as-welded sample for each baseplate temperature condition failed during100

machining. No loading curves were obtained for those two samples. As shown, for samples that were

welded at a baseplate temperature of 38◦C, the shear strength of HIP treated samples is 337.80 MPa

compared with a shear strength of 137.51 MPa for as-welded samples. Similarly, for samples that were

welded at a baseplate temperature of 204◦C, HIP treatment more than doubles the shear strength. The

average shear strength of HIP/204◦C samples is 344 MPa, which falls in the nominal shear strength105

Table 4 Average ultimate shear strength of UAM-made SS 410.

Baseplate Temperature 38◦C 204◦C

Treatment As-welded HIP As-welded HIP

Shear Strength (MPa) 137.51 337.80 154.22 344.39

Standard Dev. (MPa) 21.99 64.43 13.57 2.28
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3.1 ShearTestResults 3 RESULTSANDDISCUSSION

rangeofannealedbulkSS410of330MPato470MPa.TheseresultssuggestthattheHIPprocess

significantlyincreasesthemechanicalstrengthofthebondinginterface.
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Fig.3Sheartestresultsfor(a)as-welded/38◦C,(b)HIP/38◦C,(c)as-welded/204◦C,and(d)HIP/204◦C.

Thenominalshearresistingareais6.85 mm2.

Standarddeviationofshearstrengthforeachconditionisalsogiventocharacterizethevariationof

thesheartestresults.Forthe204◦Ccondition,theHIPprocessreducesthestandarddeviationfrom

13.57MPato2.28MPa.However,theresultsofthe38◦Cconditiondonotshowthesametrend,which110

needsfurtherinvestigation.ItisobservedthatthethreeloadingcurvesoftheHIP/38◦Ccondition

arenotconsistentwitheachother,whichsuggeststhattheHIPtreatmenthasnothealedallofthe

interfacialdefectsandbroughtinterfacialpropertiesofallthreesamplestothesamelevel.

Slightincreasesintheshearstrengthanddecreasesinthestandarddeviationarefoundforas-

weldedstructureswhenbaseplatetemperatureincreasesfrom38◦Cto204◦C.Insimilarfashion,the115

HIP/204◦Cconditionhasahighershearstrengthandmuchlowerstandarddeviationcomparedtothe

HIP/38◦Ccondition.Theseresultsindicatethattheincreaseofthebaseplatetemperatureincreases
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3.1 Shear Test Results 3 RESULTS AND DISCUSSION

(a) (b)

Fig. 4 Post-shear images for (a) as-welded/204◦C sample, and (b) HIP/204◦C sample.

the shear strength of the bonding interface and improves consistency of the weld quality.

Images of typical post-shear test samples are provided in Fig. 4. The as-welded/204◦C sample

broke into two separate parts and the foil part of the sample was sheared off after a short loading120

displacement, while the HIP treated samples exhibited a higher resistance to shear and a more ductile

failure mode.

The fracture surfaces of the post-shear UAM samples were examined by SEM. A manual point-

count method [12] was used to quantify the fracture surface failure modes. Ten randomly located

SEM images were taken for each treatment condition. Each SEM image was then evenly divided into125

117 grids. Each grid was counted as one of four failure features including machined surface, brittle

failure, ductile failure, and flow. The area fraction of each failure feature for different treatment

conditions is calculated and showed in Table 5. The definition for each failure feature is listed below

and representative fracture surface images for different treatment conditions are shown in Fig. 5.

• Machined surface: Smooth surface area with small dark dots following the machining direction.130

Indicates no metallurgical bonding.

• Brittle failure: Sheared-off region with straight/sharp fracture.

• Ductile failure: Metallurgical bonding area with typical circular cup/cone type fracture normal

to the fracture surface.

• Flow: Texture area produced by indentation of asperities. Indicates no metallurgical bonding135

but may provide mechanical interlocking.

Machined surface is the area where no bond was formed. Ductile failure represents the area where

metallurgical bonding was formed during welding. Brittle failure and flow are the regions where

mechanical interlocking is formed instead of metallurgical bonding. It is expected that mechanical

interlocking is weaker than metallurgical bonding.140
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3.1 Shear Test Results 3 RESULTS AND DISCUSSION

Table 5 Area fraction of the failure features presented on the fracture surface.

Failure feature as-welded/38◦C HIP/38◦C as-welded/204◦C HIP/204◦C

Brittle failure 21.70% 7.69% 19.57% 1.53%

Machined surface 36.58% N/A N/A N/A

Flow 27.45% 6.16% 3.94% 2.66%

Ductile failure 14.27% 86.15% 76.49% 95.81%

As shown in Table 5, a machined surface is only found for the as-welded/38◦C condition, which

indicates a lack of plastic deformation at the welding interface. Compared with the as-welded/38◦C

sample, as-welded/204◦C samples have larger ductile areas, smaller brittle and flow areas, and no

machined surface, which means that higher baseplate temperature promotes metallurgical bonding at

the welding interface. In addition, post-HIP samples exhibit larger ductile failure areas compared to145

as-welded samples, which indicates that further bond improvement is achieved with HIP. The results

are consistent with the shear test results shown in Fig. 3. These fractured surface analyses, post-shear

image examinations, and shear test results all suggest that a higher baseplate temperature and HIP

treatment improve the mechanical strength and ductility of the UAM SS 410 weld interface.

20 μm
Machined

Flow

20 μm

Brittle

Ductile

(a) (b)

20 μm

Brittle

Ductile

20 μm

Ductile

(c) (d)

Fig. 5 SEM scans of the post-shear fractured surface of samples (a) as-welded/38◦C, (b) HIP/38◦C, (c)

as-welded/204◦C, and (d) HIP/204◦C.
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3.2 Microstructural evaluations 3 RESULTS AND DISCUSSION

3.2. Microstructural evaluations150

3.2.1. Effect of baseplate temperature on microstructure of UAM SS 410

It was earlier established that the quality is better for UAM SS 410 samples that are fabricated with

higher baseplate temperatures. This improvement could be caused by a body centered cubic (BCC)

ferrite to face centered cubic (FCC) austenite phase transformation during the UAM welding process.

With higher baseplate temperatures and local temperature rise due to high strain rate deformation,155

the UAM interface temperature may exceed the critical temperature of BCC ferrite to FCC austenite

phase transformation [11, 4, 16, 28, 26]. Since FCC austenite is relatively soft and easier to deform

than BCC ferrite, this possible transformation may lead to an improvement in bond quality. At a

high enough cooling rate, as is the case in the UAM process [25], FCC austenite transforms into BCC

martensitic grains. We thus search for evidence of BCC martensite in as-welded SS 410.160

10 μm

1 μm

Pearlite 

(a) (b)

10 μm 10 μm

1 μm

Pearlite 

(c) (d)

Fig. 6 Back-scattered electrons micrographs of the UAM interfaces: (a) as-welded interface between the 3rd

layer and the 4th layers of foil, (b) post-HIP interface between the 3rd and the 4th layers of foil, (c) as-welded

interface between the baseplate and the 1st layer of foil, and (d) post-HIP interface between the baseplate and

the 1st layer of foil.

Samples that were prepared at a baseplate temperature of 204◦C were analyzed with SEM and

EBSD; SEM was performed with an excitation voltage of 20 kV. The back-scattered electrons (BSE)

micrographs in Fig. 6(a) and 6(c) show that the interface (marked with black arrows) of as-welded

10



3.2 Microstructural evaluations 3 RESULTS AND DISCUSSION

(a) (b) (c)

Fig. 7 EBSD micrographs of (a) bonded area, (b) UAM interface, and (c) unbonded area. The bonded areas

are distinguished from unbonded areas by using SEM micrographs which are not shown here. Note that small

black dots in (a) and (c) are not resolved due to small grains or distorted grains. The black distorted regions

in the center part of (a) are black due to the significant plastic deformation resulting in the formation of zones

with low image quality, while the black zones in the center part of (c) are voids.

UAM SS 410 predominantly consists of ferrite grains. Fig. 6(b) and 6(d) will be discussed in the

next section. No martensitic phase is observed. EBSD micrographs of bonded and unbonded areas165

at the same UAM interface are shown in Fig. 7. The image quality mapping is shown in Fig. 7(b),

while the inverse pole figure (IPF) is overlaid with the image quality mapping in Figs. 7(a) and 7(c).

The coordinate system of the specimen is defined as the accumulating direction (AD), the vibrating

direction (VD), and the rolling direction (RD) [20]. The results show that bonded and unbonded areas

at the interface appear to have similar grain size and misorientation angle distributions.170

The micro texture presented in Fig. 8 shows the presence of a strong alpha fiber <110> ‖VD. Since

no other variants, particularly Goss variants, are visible, the result suggests that the new grains do not

occur from nucleation and growth, but evolve due to plasticity of the shear region [16]. The texture

analysis results also indicate that the BCC ferrite to FCC austenite transformation did not occur,

since no martensitic transformation texture was observed. As shown in Fig. 9, a similar alpha texture175

<110> ‖VD is observed in the high strain rate deformed interstitial-free steel sample [16]. These

similar texture patterns indicate that both the bonded and unbonded areas of the UAM interface may

have experienced high strain rate deformation. The unbonded area is speculated to be a zone where

excessive plastic deformation breaks the previously formed bonds.

Because no evidence of BCC ferrite to FCC austenite transformation was found, it is speculated180
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3.2 Microstructural evaluations 3 RESULTS AND DISCUSSION

(a) (b)

Fig. 8 Pole figures show identical alpha fiber texture indicating that BCC to FCC transformation did not

occur during the UAM process; (a) micro texture of the unbonded area, and (b) micro texture of the bonded

area.

Fig. 9 Comparisons of the micro texture of the UAM bonded area, UAM unbonded area and high strain rate

deformed interstitial-free steel [16].

that improved UAM weld quality is the result of a reduction of yield strength with temperature. As

shown in Fig. 10, SS 410 has a lower yield strength at higher temperature. Therefore, it becomes easier

to deform asperities and to create metallurgical bonding of SS 410 at the interface.
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3.2 Microstructural evaluations 3 RESULTS AND DISCUSSION
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Fig. 10 Plots are regenerated based on the ASM atlas of stress-strain curves [17]. These stress strain curves

are for SS 410 (371◦C temper), which has a different heat treatment than the SS 410 used in this study.

3.2.2. Effect of HIP on microstructure of UAM SS 410

As discussed before, HIP increases the shear strength of UAM SS 410. To further investigate the185

influence of HIP on microstructure changes, samples that were prepared at a baseplate temperature of

204◦C were analyzed with SEM and EBSD. In the previous study on UAM of carbon steel 4130 [15],

the UAM interfaces consist predominantly of only ferrite and the authors assume that the presence of

nonmetallic inclusions at the interface results in the nucleation of ferrite and prevents the formation of

(a) (b)

Fig. 11 EBSD micrographs of the UAM interfaces after HIP show a grain boundary migration across the

interface. The IPF shows the presence of ferrite and local islands of martensite after HIP treatment; (a) image

quality mapping, (b) image quality mapping overlapped with IPF.
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3.2 Microstructural evaluations 3 RESULTS AND DISCUSSION

pearlite. However, the interfaces of UAM SS 410 samples with HIP are composed of pearlite, as shown190

in Fig. 6(b) and 6(d). Additionally, the significant grain growth at the interface indicates that the

pinning due to the oxides is a concern for Al but not for steel [21]. Due to the long exposure time and

the slow cooling rates used in this study, the foil-to-foil interface is predominantly composed of pearlite

as shown in Fig. 6(b) with some local pockets of martensite, which is determined by plate-like grains as

shown in Fig. 11. The baseplate-to-foil interface is mostly composed of pearlite. Microhardness tests195

were conducted in a grid pattern spanning across the sample thickness for cross sections of as-welded

and HIP samples. The results show that due to the formation of the martensite, the overall hardness

of the samples increased from 204±7 HV in the as-welded condition to 240±16 HV in the UAM with

HIP condition. The entire cross section did not transform to martensite primarily due to the slow

cooling rates of 2 to 4 ◦C/min in the HIP process.200
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Fig. 12 DICTRA simulation results: the black line represents the starting carbon content across the interface

between A36 steel baseplate and SS 410, while the red line shows the ending carbon content. The blue dotted

line represents the original interface. The left side is A36 baseplate and the right side is SS 410.

The long holding time in the HIP process leads to significant grain growth and migration of ferrite

grains across the interface as shown in Fig. 11. The IPF is overlaid on the image quality mapping and

the interface is marked with a yellow dotted line. As presented in Fig. 6(d), a pearlite layer is found

between the A36 baseplate and SS 410 foil after HIP treatment. It is hypothesized that this pearlite

layer occurs as a result of carbon diffusion from the A36 baseplate to the SS 410 foil, which is driven205

by a carbon chemical potential difference. The amount of carbon at the interface has to exceed 0.76%

(wt) to form a fully pearlite layer. To evaluate the extent of carbon diffusion across the interface,
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4 CONCLUSIONS

DICTRA calculations have been performed and the results are shown in Fig. 12. A 3.22 mm thick

A36 steel and a 0.150 mm thick SS 410 foil are simulated in this 1D model. The black line shows

the starting carbon content across the interface between the A36 steel baseplate and SS 410, while210

the red line shows the ending carbon content. The interface position is marked with a blue dotted

line. The results show that the carbon content of the A36 steel baseplate side reduces from 0.25% to

0.21% (wt). The amount of carbon in the SS 410 side of the interface increases from 0.14% to 0.51%

(wt). This uphill diffusion of carbon is caused by the high Cr concentration of SS 410 [2, 32]. The

calculated amount of carbon does not reach 0.76% (wt), but it is worth noting that the heating and215

cooling periods of the HIP process were not included for simplicity. In this DICTRA simulation, only

the 4-hour holding period of the HIP process is included in the model.

3.2.3. Local mechanical properties characterization

To further investigate the microstructure changes during the UAM process, nanoindentation tests

were performed to characterize the local hardness across the interface. As shown in Fig. 13, the top of220

layer n is harder than the bottom of layer n+1 for the as-welded UAM steel samples. The hardness of

the top of layer n is increased because of severe plastic deformation which is due to the direct contact

with the textured sonotrode. During the welding of layer n+1, the increased hardness in layer n is

believed to limit the amount of plastic deformation and make it hard to collapse asperities, which may

contribute to the formation of voids at the welding interface. The nanoindentation results also indicate225

that hardening is more pronounced at the interface. Since detailed microstructure characterization

shows no evidence of a martensitic transformation, the increase in hardness at the interface is primarily

due to grain boundary strengthening as reported previously [23].

The effect of HIP on the interfacial hardness is also investigated. The hardness around the post-HIP

foil-to-foil interface is about 3.68 GPa, while the hardness around the as-welded foil-to-foil interface is230

about 3.55 GPa. The load vs displacement curves of as-welded and post-HIP samples show a similar

trend in that the top of layer n is harder than the bottom of layer n+1. It is worth mentioning that

the increase in hardness above the interface of some post-HIP regions is likely due to the indentation

of a pocket of martensite, such as those shown in Fig. 11(a). The nanoindentation results of the

selected regions are consistent with the microhardness results, which show that the post-HIP samples235

are harder than the as-welded samples.

4. Conclusions

Stainless steel 410 builds were fabricated using UAM. The mechanical properties of UAM SS 410

with HIP is comparable with bulk material. The study shows that increasing the baseplate tempera-

ture from 38◦C to 204◦C improves weld quality. HIP treatment improves the shear strength of UAM240
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Fig. 13 (a) Nanoindentation hardness maps across the foil-foil interface(at zero μm) of the as-welded and

post-HIP UAM samples, (b) corresponding indentation positions.

SS 410 samples by a factor of 2 as compared to as-welded UAM SS 410 samples. Post-shear frac-

ture surface examinations reveal that as-welded/204◦C samples have larger ductile failure areas than

as-welded/38◦C samples, which indicates that higher baseplate temperature promotes metallurgical

bonding. Similarly, post-HIP samples have larger ductile failure areas than as-welded samples, which

means that HIP further promotes metallurgical bonding. These analyses are consistent with shear test245

results. Further microstructural analyses of as-welded samples with SEM and EBSD show no evidence

of BCC to FCC transformation taking place during the UAM process. The reduction of the yield

strength of SS 410 at elevated temperature is believed to be the cause of weld quality improvement at

higher baseplate temperature. A pearlite layer is found between the A36 baseplate and the first layer

of SS 410 foil after HIP treatment. DICTRA simulations show that the pearlite layer occurs as a result250

of uphill carbon diffusion at the interface. HIP treatment is shown to increase the overall hardness

of UAM SS 410 from 204±7 HV to 240±16 HV due to the formation of local pockets of martensite.

Nanohardness tests show that the top of layer n is harder than the bottom of layer n+1. The increase

in hardness at the interface is primarily due to grain boundary strengthening.
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