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A B S T R A C T

Cold working layers during additive manufacturing improves toughness by imparting a complex glocal integrity
across pre-designed internally reinforced domains. Understanding mechanical behavior by mapping glocal integ-
rity across these domains is difficult due to highly heterogeneous compositions formed by cyclic printing and
peening. Ultrasound is proposed as a rapid, non-destructive tool to measure glocal integrity that is sensitive to
heterogeneous organization of microstructure and residual stress. This work examines compressive behavior and
measures glocal integrity with ultrasonic wave speed and attenuation perpendicular to the build direction after
cyclically coupling laser engineered net shaping (LENS�) with laser peening on 420 stainless steel.
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1. Introduction

Glocal integrity is a cumulative surface integrity enabled by sec-
ondary processing of individual layers during additive manufacturing
(AM) [1]. For example, laser peening during 3D printing imparts cold
worked regions, also referred to as pre-designed internal reinforced
domains [2], which evolve and interact with each other as a build
progresses. Understanding the resulting glocal integrity from inte-
grating surface treatments on predefined layers is important for
improving part quality and performance. Thus, the objective of this
study was to understand how asynchronously coupling laser peening
with LENS� affected compressive behavior of 420 stainless steel by
mapping the resulting glocal integrity using bulk wave ultrasound.

AM quality control has relied on process parameter optimization
and continuous process monitoring to advance industry adoption by
mitigating defect formation (e.g., cracks, pores, or warpage) and cor-
recting detected defects [3,4]. A complementary strategy to improve
quality and performance independent of the AM process or monitor-
ing technology is imparting a complex, predesigned glocal integrity
with interlayer surface treatments [5]. While tools for quantitatively
measuring surface integrity are well-established [6], these techniques
are inefficient and/or impractical for measuring glocal integrity.
Extending surface characterization techniques to measure glocal
integrity is problematic because of the high resolution required
throughout a relatively large build volume. As a result, there is a need
for efficient, non-destructive approaches to map glocal integrity of
internal reinforced domains that would enable new design para-
digms for manufacturing. The following section discusses limitations
of current techniques to map glocal integrity and proposes an alter-
native, non-destructive method more readily adoptable by industry.

1.1. Methods to evaluate glocal integrity

The most common surface integrity metrics mapped below surfaces
in AM include microstructure, hardness, and residual stress [1,7,8].
Some measurement techniques are nondestructive, while others
require cutting or material removal capable of altering the original sur-
face integrity. Apart from unintended modifications, the challenge in
characterizing glocal integrity on cross-sectioned surfaces is how to
achieve high resolution mapping efficiently across relatively large sur-
face areas. Typical depths for surface integrity mapping using techni-
ques such as electron microscopy, diffraction, or indentation are 1000s
of microns to several millimeters; however, high-resolutionmaps across
several centimeters are necessary to capture changes to glocal integrity
from interlayer cold working. Other destructive techniques that use
relaxation to capture elastic deformation from cutting or removing
material (e.g., hole drilling, slitting, and the contour method for residual
stress) have either limited penetration depths and resolution or place
constraints on geometry, size, or cut quality [9].

Non-destructive methods to evaluate glocal integrity include diffrac-
tion, spectroscopy, magnetization, and acoustics. Diffraction-based
methods, such as XRD or EBSD, are commonly used to assess residual
stress and microstructure; however, penetration depths are limited
without layer removal to less than 10 microns using depth resolved
scattering vector residual stress measurements [10]. Other diffraction-
based methods include synchrotron x-rays and neutrons. While pene-
tration depths increase to several centimeters, access to a major scien-
tific facility is required [9]. Further, neutron diffraction is non-
destructive; however, samples can become radioactive for several years.

Raman spectroscopy is a non-destructive surface analysis method
based on scattering photons and is capable of analyzing chemical
composition, microstructure, and stress [6]. Magnetic methods
(i.e., Barkhausen noise) to assess stress and microstructure have
slightly higher penetration depths than Raman spectroscopy or x-
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rays (i.e., several microns to millimeters [9,11]), but are predominately
used for surface analysis due to trade-offs between resolution and
accuracy with increasing depth. Further, magnetic methods are limited
to ferromagnetic materials. Acoustic methods include acoustic micros-
copy, acoustic emissions, and ultrasonics [6]. Acoustic microscopy has
a limited penetration depth of a few millimeters. Although acoustic
emissions are capable of volumetric mapping, an external stimulus is
required for active listening of released energy. An alternative
approach capable of penetrating several centimeters is ultrasonics.

1.2. Influence of glocal integrity on strength

The effect of interlayer cold working on mechanical behavior is
poorly understood. New process parameters to consider include layer
treatment frequency, total number of treated layers, and load orien-
tation with respect to treated layers. Other critical factors affecting
mechanical behavior include the penetration depth of the secondary
cold working process and the heat energy from printing on a previ-
ously treated layer. The heat from subsequent printing can remove
beneficial effects due to thermal cancelation [15].

Interlayer rolling on Al-alloys printed with wire+arc AM (WAAM)
[14] and ultrasonic peening on 316 stainless steel printed by powder
bed fusion [12] demonstrated improved strength at a cost of reduced
ductility (Table 1). However, different alloys subjected to the same
hybrid treatment do not always exhibit the same behavior. For exam-
ple, the ductility of Ti-6Al-4 V remained relatively unaffected by
interlayer rolling during WAAM. More studies are needed to under-
stand the resulting mechanical behavior as well as the interdepen-
dence on glocal integrity. Thus, the objectives of this study were to
measure the compressive properties and map the resulting glocal
integrity from coupling laser peening with LENS� using ultrasonics.

2. Asynchronous laser printing and peening

Micro-Melt 420 stainless steel powder (Carpenter Powder Products,
USA) was asynchronously printed and laser peened (LP) based on the pro-
cedure described in [1]. Cylinders of 12.7mm diameter and 25.4mm
height were printed on an Optomec LENS� HY20-CA directed energy
deposition system. Approximately 17 out of 85 layers were peened. An
estimated 2 to 3 peened layers were machined away while cutting off the
build plate and squaring parallel faces for ultrasound measurements. The
LP power densitywas 12.7 GW/cm2. LP overlapwas 50% andwas repeated
five times. The layer treatment frequencywas every five layers (L5).

3. Quasi-static compression testing of 420 stainless steel

Quasi-static compression tests of hybrid, as-printed, and wrought 420
stainless steel sampleswere conducted on a Southwark Emery load frame
calibrated by Instron and equipped with a 3 ton load cell. Load data were
collected from the load frame using a linear variable differential trans-
former (LVDT) sensor. The full field deformationwas captured using ARA-
MIS digital image correlation (DIC) as shown in Fig. 1. The 25.4mm long
compression samples were cut in half by wire-EDM to achieve an aspect

ratio of approximately 1:1. The terminology “bottom” indicates samples
closest to the build plate. Each experiment was repeated twice. Tests
were conducted at room temperature (25 °C) with a displacement rate of
0.014mm/s corresponding to a strain rate of 10�3 s�1.

The as-printed (LENS�) and hybrid-L5 sample showed a signifi-
cant increase in yield strength compared to wrought 420 SS (Fig. 2).
As expected, the as-printed sample exhibited the lowest strain to fail-
ure. Introducing interlayer laser peening during LENS� increased the
maximum strain to failure more than 50% compared to as-printed
samples. As a result, interlayer peening increased the toughness of
420SS over the wrought or as-printed samples. Mechanical proper-
ties are provided in Table 2.

Table 1
Mechanical behavior from interlayer cold working during additive manufacturing.

AM Process Surface
Treatment

Material Total
treated
layers

Layer
treatment
frequency

Gage
length

Gage
thick.

Gage
width

Approximate
number of treated
layers in gage section

Notes Ref.

(mm) (mm) (mm) (layers)

1. Powder bed
fusion

ultrasonic
peening

316 SS 6 plus
surface

16 25 2 6 7 Increased tensile strength approximately
37% while ductility decreased more than
60% over an as-printed sample

[12]

2. Wire+arc rolling Ti-6Al-4V 20 1 (every layer) 27 4 6 4�5 1�2 Ductility remained relatively unaffected;
however, anisotropic behavior was elimi-
nated and attributed to finer equiaxed
prior b grains from interlayer rolling

[13]

3. Wire+arc rolling Al alloys
(2219 & 2024)

44�76 1 (every layer) 38.3 2.5 10 20�30 5�8 Improved strength approx. 90% and
reduced ductility nearly 50%. Post-build
heat treatment had a greater effect than
interlayer rolling

[13, 14]

4. Powder bed
fusion

ultrasonic
peening

316 SS 6 plus
surface

16 100 2 10 7 18% increase in buckling strength; no
delamination observed

[12]

Fig. 1. Compression test of 420SS whereby strain was measured using ARAMIS digital
image correlation. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 2. Stress-strain response for wrought, as-printed (LENS�), and hybrid-L5 (LENS�

+LP) 420SS under quasi-static compression (10�3 s�1).

Table 2
Mechanical properties of 420SS from uniaxial compression test.

Mechanical properties Wrought (n = 4) As-printed
(LENS)
(n = 2)

Hybrid L5
(LENS� + LP)
(n = 2)

Yield strength (MPa) 626§ 14 1687§ 15 (T)
1888§ 88 (B)

1233§ 18 (T)
1450§ 30 (B)

Max. strain to failure (%) 31.1§ 0.1 16.2§ 1.2 (T)
18.4§ 1.2 (B)

25.6§ 2.7 (T)
28.4§ 0.1 (B)

Toughness (MPa) 334§ 1 398§ 6 (T)
440§ 20 (B)

429§ 2 (T)
619§ 1 (B)

Note: (T) indicates top, and (B) indicates bottom; sample size (n).
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Interestingly, the max strain to failure varied between the top and
bottom hybrid samples although the results for the as-printed sample
were more uniform. This difference in behavior is thought to be the
result of variations in mechanical properties, microstructure, and
residual stresses present within the samples. Ultrasonic methods are
nondestructive and have been used to quantify elastic properties and
grain size. In addition, ultrasound phase velocities have been corre-
lated with residual stress. For this reason, volumetric mapping with
ultrasound is examined with respect to the observed mechanical
behavior of these samples.

4. Volumetric mapping of glocal integrity by ultrasound

Linear bulk wave ultrasound was used to measure longitudinal
wave speed and attenuation in 420 stainless steel samples after
coupling LENS� and laser peening. Parallel faces were ground on
each sample in both the axial and lateral directions to provide a
uniform surface for ultrasound. Ultrasound signals were collected
in a pulse�echo measurement configuration using a spherically
focused broadband immersion transducer (15MHz; 76.2 mm focal
length in water). A pulser/receiver (DPR 300 from JSR Ultrasonics,
Pittsford, NY) using a 64�bit, 2 GHz digital signal processing were
used to pulse, receive, and digitize the signals. A personal com-
puter operating UTWin software (Mistras, Schoolcraft, MI) was
used to control the data acquisition and the motion of the trans-
ducer. Low gain signals were collected to quantify the wave speed
using a cross correlation approach and attenuation was calculated
by comparing multiple backwall echoes in the frequency domain
and by employing a diffraction correction using measurements
from fused silica. The focus was placed near the middle of each
sample such that the front and back walls were clearly visible and
unsaturated. The minimum scanned area was 4mm by 20mm
with a step size of 0.25 mm (i.e., at least 1600 waveforms per scan).
For completeness, more details on the experimental methods and
results are available in [16].

4.1. Wave speed correlates with residual stress

One of the goals of this research is to quantify the residual stress
using measured wave speed. The speed of elastic waves traveling
within a material is known to be affected by the presence of residual
stress. Previous researchers have shown the relationship between
stress and velocity through acoustoelastic constants [9]. However,
there are three major challenges for the quantification of residual
stress with ultrasound. First, many models assume a uniaxial stress
state, which is unlikely to be present in AM or hybrid-AM samples.
Second, the acoustoelastic constants are difficult to obtain and may
vary throughout the build. Lastly, the inversion for stress requires
knowledge of the baseline velocity for the unstressed material. The
velocity is affected to a major extent by the material texture that is
usually present in AM samples. Ultrasonic scattering measurements
may help us quantify the texture, but that work is beyond the scope
of this article.

Trends of residual stress can be observed by examining varia-
tions in wave speed across the sample. The measured wave speeds
were normalized by the wave speed measured in the wrought sam-
ple (6.0640§ 0.0026mm/ms). The resulting maps of the normalized
wave speed are shown in Fig. 3 for the as-printed and hybrid sam-
ples. In the as-printed sample, the wave speed ratio increased
monotonically from the top to the bottom (i.e., base plate), and
remains less than one for the entire sample. The hybrid sample
shows a local maximum 2mm to 4mm from the top of the sample
and then a decrease towards the bottom. These results suggest that
the differences in compressive strength can be attributed to resid-
ual stress � lower wave speeds appear to correlate with higher
compressive strength.

The wave speed ratios were averaged across the lateral direction
so that the variation in the build direction can be examined with
respect to the corresponding microhardness data from [1]. These
results are shown in Fig. 4. Two observations can be made. First, the
global trend of microhardness over the length of the hybrid sample is
tracked by the wave speed. In addition, the local variations are also
tracked, although the beam width of 700mm limits the resolution of
the ultrasound mapping.

4.2. Attenuation correlates with grain size

The longitudinal attenuation maps from the as-printed and hybrid
samples can be used to identify variations in microstructure across
the samples. For wavelengths that are much longer than the grain
size, the attenuation is known to scale with the grain volume. Resid-
ual stress also affects attenuation, but it is a secondary effect. There-
fore, the results from the AM samples can be scaled according to the
grain size from the wrought sample. In other words, the cube root of
the attenuation ratio should be proportional to the ratio of the grain
diameters. The resulting maps are shown in Fig. 5. Away from the
sample edges, the microstructure of the as-printed sample appears to
be fairly uniform and slightly larger than that of the wrought sample
(»30mm). The results for the hybrid sample are more interesting
with two key trends. First, the fluctuations in grain size clearly show
the effect of the laser peening. The bands near the top of the sample
are evenly spaced, but those near the build plate become wider and
the grains become larger. These measurements can explain the differ-
ences in max strain to failure for these samples. The top and bottom
halves of the as-printed sample do not show much difference. How-
ever, the hybrid sample shows larger grains in the bottom half of the
sample, which explains the increase in max strain to failure for that
sample. Larger grains allow for more dislocation motion through the
bottom samples.

Fig. 3. Measured wave speed ratio maps. Note the differences in scale. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. Wave speed ratio and standard deviation s in relation to microhardness in
hybrid-L5 420SS. Microhardness data obtained from [1].
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The grain diameter ratio was averaged across the lateral dimen-
sion of the hybrid sample and is shown in Fig. 6 in comparison with
the microhardness data. The regions with larger grain size correlate
well with the reduction in hardness as expected. In addition, the
global reduction in hardness close to the base plate is correlated with
an increase in grain size.

5. Summary and conclusions

This work examined the resulting glocal integrity using bulk wave
ultrasound to understand compressive behavior after cyclically cou-
pling laser engineered net shaping (LENS�) with laser peening (LP)
on 420 stainless steel. Every fifth layer was peened five times during
printing at 50% overlap. Cold working layers during additive
manufacturing imparted a complex glocal integrity that was mapped
throughout the build volume using ultrasonic wave speed and atten-
uation along the build direction. Ultrasound was preferred as a rapid,
non-destructive tool to map glocal integrity due to its sensitivity to
heterogeneous organization and penetration depth for residual stress
and microstructure to explain compressive behavior.

The extensive application of LP increased the ability of 420 stainless
steel to endure higher deformation and attain a higher toughness. Peen-
ing imparted both compressive and tensile residual stresses that were
redistributed by highly localized heat from LENS� printing. The normal-
ized wave speed aligned with observations from microhardness sug-
gesting that complex residual stress fields caused hardness to be lower
than as-printed samples reported in [1]. Further, wave speed measure-
ments suggested that differences in compressive strength can be attrib-
uted to residual stress � lower wave speeds in as-printed and hybrid
samples correlated to higher compressive strength.

Compressive samples were cut in half to achieve an aspect ratio
near 1:1 for safety during testing. Interestingly, the max strain to fail-
ure and failure strength varied between the top and bottom hybrid

samples. The variation in compressive behavior can be explained by
observations from ultrasonic measurements. Larger grains near the
build plate, as measured by attenuation, resulted in a larger failure
strain due to continued dislocation motion. The lower wave speed
near the baseplate in the hybrid sample correlated with a higher
strength than the tops sample.

Future work will focus on refining the use of ultrasound to directly
measure glocal integrity, such as residual stress, microhardness, and
microstructure. The inversion of wave speed to quantify residual
stress is affected to a major extent by the material texture. Texture as
well as grain morphology are not yet considered in the models. Ultra-
sonic scattering measurements may help quantify texture and
mechanical behavior in future work.
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