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The Effect of Laser Shock Peening
on Back Stress of Additively
Manufactured Stainless

Steel Parts

This work studies the use of laser shock peening (LSP) to improve back stress in additively
manufactured (AM) 316L parts. Unusual hardening behavior in AM metal due to tortuous
microstructure and strong texture poses additional design challenges. Anisotropic mechan-
ical behavior complicates application for mechanical design because 3D printed parts will
behave differently than traditionally manufactured parts under the same loading conditions.
The prevalence of back-stress hardening or the Bauschinger effect causes reduced fatigue
life under random loading and dissipates beneficial compressive residual stresses that
prevent crack propagation. LSP is known to improve fatigue life by inducing compressive
residual stress and has been applied with promising results to AM metal parts. It is here
demonstrated that LSP may also be used as a tool for mitigating tensile back-stress hard-
ening in AM parts, thereby reducing anisotropic hardening behavior and improving design
use. It is also shown that the method of application of LSP to additively manufactured parts
is key for achieving effective back-stress reduction. Back stress is extracted from additively
manufactured dog bone samples built in both XY and XZ directions using hysteresis tensile.
Both LSPed and as-built conditions are tested and compared, showing that LSPed samples
exhibit a significant reduction to back stress when the laser processing is applied to the
sample along the build direction. Electron backscatter diffraction (EBSD) performed
under these conditions elucidates how grain morphologies and texture contribute to the
observed improvement. Crystal plasticity finite element (CPFE) modeling develops insights
as to the mechanisms by which this reduction is achieved in comparison with EBSD results.
In particular, the difference in plastic behavior across build orientations of identified crystal
planes and grain families are shown to impact the degree of LSP-induced back-stress reduc-

tion that is sustained through tensile loading. [DOIL: 10.1115/1.4056571]
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1 Introduction

Laser shock peening (LSP) is typically used to process metal for
fatigue life improvements in traditionally manufactured parts [1].
This process has been studied in detail for inducing compressive
residual stress, which is responsible for arresting hairline fractures
during fatigue loading and delaying stress corrosion cracking
[2,3]. LSP also has a strong effect on dislocation structure and dis-
tribution causing a distinctive increase in geometrically necessary
dislocation (GND) density in metal targets near the peened
surface as well as a noticeable grain refinement and increased mis-
orientation [4-7]. The dislocation shock waves produced by LSP
have been observed to mitigate the tensile back stress of rolled
stainless steel [8]. These authors have published finite element
simulation results showing LSP processing causes bulk back-stress
reduction via a highly localized compressive layer of back stress
that overlaps with the compressive residual stress profile which
LSP is known for introducing [8].

Laser shock peening is being investigated as a post-processing
tool for additive manufacturing (AM) [9]. The effect of LSP on
the measured tensile back stress of metal AM parts is as yet unstud-
ied and is of particular interest due to the tortuous grain morpholo-
gies and dislocation distribution within 3D printed metal. The
presence of back stress, also known as the Bauschinger effect, in
AM steels is heightened due to both the high number of GNDs
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and dislocation cells in the as-built state and due to the heterogenous
microstructure [10]. Parts with increased back stress display a lower
resistance to random fatigue [11]. This is attributed to materials with
high back stress developing a smaller plastically strained “‘shield-
ing” volume which precedes ahead of cracks [12]. Therefore, mate-
rials with a high back stress have more catastrophic crack
propagation and are thus more susceptible to weakening due to
overloading and underloading [12]. Back stress also complicates
analysis of fatigue life and spring-back causing challenges for
failure design [13-15]. It is therefore desirable to investigate post-
processing techniques such as LSP for the reduction of back stress.

Metal AM is poised to disrupt industry and in recent years both
the public and private sector have increasingly been investing in
progressing relevant technology [16]. Metal AM has the potential
to radically reduce manufacturing waste and environmental
impact as well as improve rapid prototyping processes and low-
volume production [17]. Selective laser melting (SLM) or laser
powder-bed fusion (LPBF) is hailed as one of the most promising
forms of metal AM due to its high dimensional accuracy among
other benefits [18]. However, this form of AM is still plagued by
complications that act as stipulations for design. Artifacts of the
build process include unique microstructural and mechanical char-
acteristics that are introduced by the complex thermal history and
temperature gradients occurring during fusion. In particular, dislo-
cations are mired within unusual texture and microstructures to
cause anisotropic properties.

The SLM build process produces both a high density of disloca-
tions and directionally dependent internal structure, which causes
back-stress hardening and subsequent challenges when fabricating
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for structural use. The primary form of dislocation generation in
316L AM stainless steel has been attributed to thermal strain
history and is affected by the rate of cooling, temperature gradient,
and scanning strategy of printing [19,20]. Dislocation density is
high within 3D printed steel—typically around 10"*-10'* m™2,
imparting both microscale and long-range stresses [19,21]. Grains
near the melt-pool undergo plastic strain due to thermal expansion
stresses and thus accumulate GNDs as they are forcibly confined by
the surrounding material. Gradient microstructures, which have
been linked to back-stress hardening, also occur inherently in AM
steel [22,23]. Grain structure depends on the ratio of solidification
rate to temperature gradient, causing either cellular or dendritic
growth [24,25]. Grains tend to grow towards the centerline of the
melt-pool, forming new grain boundaries at the surface. Cooling
influences dendritic separation which also coincides with disloca-
tion cell spacing in SLM metal [26]. Mosaic or “checker-board”
macrostructures are often observed due to rotation of the scanning
pattern between layers [27,28]. In builds with rotation between
layers, the surface remelting of the previous layer causes epitaxial
growth in the current build layer along the melt-pool boundaries
of the previous layer [29]. The result is a pattern of rhomboid
grain structures size of the melt-pool with larger central grains sur-
rounded by smaller sub-grains. This variance of grain size based on
location is characteristic of gradient microstructures and poses bar-
riers to slip that encourage back-stress hardening. The prevalence of
low-angle grain boundaries and solute segregation in AM stainless
steel are also observed as providing significant obstacles to slip
[30]. In situ observation of dislocations in loading—unloading—
loading cycles of AM metal shows that GNDs tend to be annihilated
upon unloading in a manner that is heightened at greater strains
[31]. This behavior indicates the development of back stress
during forward loading with mobile dislocations rebounding upon
unloading to assist reverse yield. Strong crystallographic texture
and grain elongation along the build direction (BD) further contrib-
ute to mechanical anisotropy [32]. Cubic crystal cells tend to grow
either in a [100 or a 110 texture depending on the energy density
used [22,33]. As a result of these properties, yielding and fatigue
life vary according to the alignment of the loading direction (LD)
to the building direction [34]. In particular, the back stress in
SLM 316L is characterized as being distinctly tensile due to the
metal’s yield being stronger in tension than compression [21].
The presence of yield asymmetry due to back stress is a detriment
to a part’s fatigue behavior under selected loading conditions.

High residual stress is also prevalent and its distribution within
3D printed parts is contingent on the build orientation and parame-
ter specification [21,35-37]. Residual stress forms in AM due to the
temperature gradient mechanism in which the plastic expansion of a
heated zone is confined by the surrounding material so that upon
cooling there is a region of compressive residual stress surrounded
by a zone of tensile residual stress [38]. This effect occurs when
layers underneath the build layer are heated and cooled, resulting
in a part with a core of compressive residual stress surrounded by
an outer layer of tensile stress [38,39]. Residual stress profile and
magnitude are dependent on scanning strategy and process param-
eters [37,40]. This residual stress can cause large part distortions,
brittle fracture, a reduction in fatigue life, and susceptibility to
stress corrosion cracking [41]. Stress can be alleviated by in situ
heating of the build as well as various forms of post-processing
such as hot-isostatic pressing, annealing, surface remelting, and
LSP [36,42,43].

Solving the issues of residual stress, mechanical asymmetry and
anisotropy improve the applicability of metal 3D printing technol-
ogy to structural design. While many of these features are mitigated
effectively by forms of annealing and hot-isostatic pressing, the
side-effect is softening and it does not also induce beneficial prop-
erties [21,43,44]. LSP processing of AM metal has the potential to
create advantageous compressive residual stress, improve fatigue
life, and, as studied here, reduce tensile back stress. LSP has been
investigated as both an in situ and post-processing technique for
improving mechanical properties of AM parts [45,46]. The effects
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of the in situ process have been studied experimentally and
through simulation, resulting in a beneficial compressive residual
stress three-dimensional profile, deeply penetrating into the part
[42,47]. It has also been shown to have promise in healing cracks
during the build as well as closing pores [48,49]. As a post-
processing mechanism for AM parts, many varied applications
have been studied. It is shown that LSP induces a surface of
refined grains and increased dislocation density as observed in tra-
ditionally manufactured parts [50]. It also has been shown to
improve fatigue behavior of additively manufactured parts in a
similar fashion to traditionally manufactured parts, namely, by pro-
ducing compressive residual stress [51,52]. In one study, Lu et al.
[53] found that LSP post-processing hardened and strengthened
the specimens according to their build direction: in particular, hor-
izontally built specimens were hardened and strengthened more
than specimens built vertically. Lu et al. hypothesized that this is
due to LSP increasing interlayer diffusion in horizontally built
samples and decreasing the interlayer bonding in vertically built
samples [53]. However, this analysis is currently untested and
lacks observation of the interlayer micro-mechanics. Another
effect produced by LSP post-processing has been observed upon
annealing the AM and LSPed samples and examining the micro-
structure under the processed surface [54]. An investigation of the
surface-level microstructure under the LSPed surface shows signif-
icant grain recrystallization after annealing with the dislocation cells
produced by LSP serving as seeds for more equiaxed grain growth
during heat treatment [54]. There is also some interest in using the
residual stress produced by LSP to shape parts, allowing the deeply
penetrating strain to curve metal parts back into their desired form
[45]. The application of LSP to mitigate back stress in AM parts has
potential as demonstrated by its previously studied effect on rolled
stainless steel [8]. Due to the unique influences of microstructure
and texture in AM metal, to further understand the effect of LSP,
it is crucial to complement experiments with simulation methods
that take these defining mechanisms into account.

The effect of LSP on back stress in AM parts is here quantified
through hysteresis tensile testing and simulation. Of particular inter-
est is the interaction of build orientation with the direction of LSP.
Texture and microstructure are examined using electron backscatter
diffraction (EBSD) before and after LSP as well as before and after
4% strain. Statistical regression shows that LSP only reduces back
stress in samples aligned with the build direction. The cause of this
reduction is examined through a multi-crystal rate-dependent
crystal plasticity finite element (CPFE) simulation which factors
in grain orientation, residual strain, and initial back stress.

2 Crystal Plasticity Modeling

CPFE models assess the influence of texture and microstructure
upon the mechanical properties of a material and has been applied
to AM structures. Given that so many aspects of the resultant AM
part are dictated by build process, simulation allows parameter
investigation which can provide insight into how to tailor the
build for design use. Sub-grain formation and crystallization simu-
lations articulate how process parameters directly affect the texture
and structure [55,56]. CPFE simulation shows how this texture and
structure affect bulk material properties. The mechanical effect of
phase content and distribution within parts has been studied [57].
Polycrystalline CPFE has been used to quantify the effects of resid-
ual stress, back stress, microstructure morphology, and texture upon
fatigue life, yielding, and stress—strain response [21,57-60]. These
models tend to adhere to the basic form of CPFE in which grains
are defined as either individual elements or groups of elements
with an assigned crystal structure and orientation that reflects exper-
imentally measured microstructure and texture. To model texture
development, grain-specific strain, and back-stress hardening, this
paper largely follows the crystal plasticity modeling by Chen
et al. [21], which builds upon the work of Kalidindi et al. [61]
and Asaro and Needleman [62]. Key relations and steps are
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briefly summarized here. A representative volume of 8000 elements
is used. Each element in the model is an individual face-centered
cubic (FCC) crystal and the resolved stress upon the element is
solved using the Eshelby inclusion solution and therefore assumes
equiaxed grains [63]. The use of equiaxed grains causes an under-
estimation of the back-stress hardening behavior because it would
not capture the effect of aspect ratio on material properties. See
Sec. 4.2 for more details. The use of equal-sized equiaxed grains
is inherent to the solution mechanism due to volume averaging.
The solution for translating the polycrystalline aggregate strain to
slip system strain within each individual crystal follows Taylor’s
solution [64]. The FCC crystals are defined as having 12
{111}[110] slip systems each of which follow a rate-dependent
hardening model. The plastic shearing rate follows a power law:

1/m

i — b
i sgn(z; — by) 1)

8i

n=

in which 7; is the resolved shear stress, m is the strain rate sensitiv-
ity, S; is the shear rate resistance, and b; = B:sym(m; ® n;) a measure
of back stress. The shear rate resistance evolves continuously and is
conditional on the rate of slip causing the hardening law to be rate
dependent:

§=)  hgl?]| @

where

s
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with g;; the symmetric latent hardening matrix. The diagonal ele-
ments of g; are 1 while the off-diagonal elements are 1.4. The off-
diagonal elements are the ratio of the latent hardening rate to the
self-hardening rate. The hardening values are defined as the initial
hardening rate hy=250 MPa and the saturation resistance s,=
447 MPa while a =0.023. The measure of back stress is dependent
on the slip system direction and normal vectors m; and n; as well as
the back-stress tensor B. The back-stress tensor is calculated
through integrating:

12
B= Z hye ™ 7/ sym(m; ® n;) 4)

J=1

In Eq. (4), h;, and k are material constants. Texture and residual
strains are introduced into the model by assigning each grain of
the representative volume a grain orientation and residual strain
from measurements. While this model is unable to take into
account the unusual grain shapes present in AM parts, assigning
the model texture from EBSD scans enables simulation of the influ-
ence texture has upon the hardening behavior of the material, par-
ticularly the back stress. The back stress, strain, and texture can
be extracted from each element according to grain family which
allows comparison with EBSD results. Given that texture and
grain rotation is a key method of plastic strain analysis, we must
be able to identify typical modes of grain rotation using EBSD.

3 Experimental Methods

The effects of build orientation and LSP on the back stress,
texture, and dislocation distribution of AM stainless steel were char-
acterized using tensile testing, EBSD, and CPFE. Thirteen standard
ASTM E8 dog bone samples were built using LPBF and 316L stain-
less steel powder. All dog bones had the same dimensions with
outside dimensions 101.5 mmx9.5 mmx3.2 mm. Six samples
were built in the XY orientation with the BD oriented along the
axis of peening and seven samples were built in the XZ direction
with the transverse direction (TD) oriented along the axis of
peening (see Fig. 5). The LD is perpendicular to the TD and BD
in both orientations. These build orientations will from now on
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and be referred to as XY and XZ. The build parameters are
0.04-mm layer thickness, energy densities of 57.7, 90 deg rotation
between scan direction between layers, and 21-50 um powder
size. The front and back of the gauge length of all samples were
mechanically polished followed by electropolishing. LSP was
applied to the front and back of the gauge lengths of the test spec-
imens. The test group composed of four of the XY-built and three of
the XZ-built dog bones while three of the XY-built dog bones and
three of the XZ-built dog bones were left untreated as control
samples. The sample size asymmetry is due to laser availability
for processing. A Spectra Physics Q-switched laser was used to
peen the Earts with a 700-um diameter spot size set at
9.5 GW/cm™ laser intensity. The pulse width is 10 ns and the repe-
tition rate is 100 Hz. The LSP was applied with 75% overlap. The
ablative coating used was 3M Polyester tape and the confining
medium was 0.25-in.-thick clear acrylic. A method of hysteresis
tensile loading developed by Yang et al. [23] and detailed in a pre-
vious study [8] was used to evaluate back stress. The unloading
yield of the samples was defined as the point where the tangent
modulus deviated from the unloading elastic modulus by 5%. The
samples were pulled to 3% strain, unloaded, and reloaded to 4%
strain. This range of loading captures the back stress at low
plastic strain therefore best capturing the immediate hardening
effects due to LSP. This range is also most relevant to low cycle
fatigue. EBSD was performed before and after LSP and also
before and after strain on the same grains.

4 Results and Discussion

4.1 Back-Stress Characterization. The LSPed samples
exhibited a plastically deformed peen approximately 500 ym in dia-
meter and 4 um deep as measured by stylus profilometer. The pol-
ished surface of the material after peening shows uneven
deformation along the indent boundaries. Tensile testing revealed
that LSP consistently created a lower back stress in XY samples
but did not do so consistently in XZ samples. The average back
stress across all 13 samples is 149.81 +80.74 MPa. To ascertain
that such a difference is statistically significant, the regression
table shown in Table 1 is presented to show statistically significant
differences in back stress between the XZ and XY builds. Two
dummy variables are defined for build orientation (XY=1),
whether the sample has been LSPed (LSPed = 1) and an interaction
term between the build orientation and whether the sample has been
processed (XY * LSPed = 1). The table demonstrates that when con-
sidering a single variable at a time, the result seems to suggest that
the effect of build direction is not significant enough (p =0.026) nor
the effect of LSP (p =0.251). When these two variables are consid-
ered together, however, the XY * LSPed interaction term shows that
LSPed samples built in the XY orientation have an effect on back
stress at a high significance (p <0.01).

Table 1 Regression table of analysis of variance showing the
effect of build direction and LSP processing on the back stress
measured by tensile testing

Variables Coef. 95% conf. interval p-value Sig.
XY 128.75 19.39 238.1 0.026
LSPed 58.75 -50.61 168.1 0.251 -
XY*LSPed  —247.61  —4032 —-9200  0.006
Constant 127.66 43.98 211.3 0.008
Mean dependent var 149.81 SD dependent var 80.74
R? 0.68 Number of obs 13

Note: Dummy variables are defined as “XY” =1 denotes the build is the XY
orientation, “LSPed” =1 indicates the sample is LSPed, and “XY *LSP” =1
is an interaction term where the build orientation is XY and it is LSPed.
*#p <0.05.

##kp <0.01.
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Fig. 1 Predicted average back stress for as-built and LSPed
samples for both build directions holding manufacturer constant
(manufacturer 2=0.62). The 95% confidence intervals of the
LSPed and as-built samples overlap significantly for the XZ
samples but do not overlap for the XY samples. This shows
that the build direction affects the ability of LSP to reduce back
stress in additively manufactured parts.

Figure 1 depicts these results by showing the predicted means
and 95% confidence interval of LSPed and as-built samples for
both build orientations. As seen, there is significant overlap of the
mean confidence intervals for LSPed and as-built samples built in
the XZ orientation but not in the XY orientation. In the XY orienta-
tion, the lack of confidence interval overlap between processed and
unprocessed means shows that there is a significant difference
between the two. Furthermore, performing an F-test rejects the
null hypothesis that the LSP dummy variables (LSPed and XY *
LSPed) have no effect upon the data at a 99% confidence. This rein-
forces that LSP statistically significantly affects back stress overall.
As such, LSP is shown to significantly reduce the back stress of AM
metal in the XY-build orientation but has no significant effect upon
the XZ-built samples.

From this analysis, the effect that LSP has upon back stress is dic-
tated by the orientation of the build with respect to loading and
peening. Evidently, LSP only is able to achieve a significant
back-stress reduction in XY-built samples and there is an interaction
between the direction of peening, the direction of build, and the
direction of loading. As previously discussed, Lu et al. [53] also
noted that LSP had a stronger hardening and strengthening effect
on tensile samples built in the XY orientation and peened in the
BD than those built in the XZ orientation and peened in the TD.
It is therefore unsurprising that the effect of LSP on back stress is
also more pronounced for the XY orientation. While Lu et al. [53]
theorize that this is due to layer bonding, they do not consider tex-
tural effects, nor do they examine the microstructural effects of dif-
ferent build orientations. To understand further the effect of build
orientation on LSP-induced back-stress mitigation, EBSD is per-
formed upon samples before and after LSP as well as before and
after loading.

4.2 Texture and Microstructural Effects. The difference in
response to LSP between the build orientations is rooted in the
alignment of the direction of processing and tensile loading with
the sample’s internal anisotropy. The directionality of the micro-
structure is one of these contributing factors. Characteristic three-
dimensional grain maps for the two build directions are shown in
Figs. 2(a) and 2(b). As shown in Fig. 2, a distinct mosaic morphol-
ogy dominates the samples and grains have an elongated structure

041005-4 / Vol. 145, APRIL 2023

along the BD. This morphology is oriented differently in the part
according to build orientation so that in the XY build, the plane
with mosaic structure is normal to the axis of peening, while in
the XZ build it is perpendicular. The effect of elongated grains
upon tensile back-stress development has been studied as the
“aspect ratio effect” [65]. It has been shown that the higher the
aspect ratio of a grain, the more back stress develops in transverse
loading because of an increase in the number of obstacles to slip
causing dislocation tangles. In the tested samples, the axis of
tensile loading is oriented transversely to the elongated grain struc-
ture and contributes to heightened back-stress development. The
orientation of the grain direction also affects the impact of LSP
on the back stress of the different builds. The XZ samples have a
larger number of grain boundaries acting as barriers to the plastic
strain induced by LSP and thus should show less plastic strain
after LSP than the XY samples.

The texture of the two build orientations, while similar along the
BD, differs somewhat as shown in the pole figures in Figs. 2(c) and
2(d). While both samples demonstrate a moderate [220]/[110]
texture along the BD, it is stronger in the XZ oriented samples
than in the XY samples. A weaker [100] texture is identified along
the TD for both builds. This texture makes the samples softest
along the BD. The strongest texture is along the BD due to the
columnar grains. The processing window used, specifically the
energy density, does not create strong texture. The Schmid factor
(m) for the texture is as follows: along the LD, m =0.447 +0.043;
along the BD, m =0.465 +0.030; and along the TD, m=0.454 +
0.041. The Schmid factor is calculated using the primary slip
mode for FCC crystals namely {111}[111]. Orientation imaging
microscopy (OIM) analysis is used to calculate the average
Schmid factors for stress application along different sample direc-
tions. For all scans, the BD axis of loading has a higher Schmid
factor than the TD with the lowest Schmid factor along LD. We
can thus expect more plastic rotation in the samples LSPed along
the BD than those LSPed along the TD because the planes of slip
are oriented to experience the most stress for loading along the
BD. This hypothesis is tested to be correct by taking EBSD scans
of the samples before and after LSP. Inverse pole figure (IPF) anal-
ysis shows that in both samples, the grains are oriented such that
their planes of slip are clustered in a roughly stable configuration
for tensile rotation of FCC crystals along the LD. These orientations
are key for distribution of observable lattice rotation after loading
especially at low strain.

The same grains were then scanned before and after LSP for both
sample orientations, revealing differences in plastic response between
XY and XZ samples. A difference pole figure demonstrating the
change in texture due to LSP for the XY build is shown in Fig. 3(a).
The XY texture shows greater plastic grain rotation due to LSP. The
grain rotation is most pronounced in the [400]/[200] planes and then
the [222]/[111] planes for both build orientations. However, the
[220)/[110] planes also show some rotation. The plastic slip occurring
in the XY build is observed to be more pronounced than in the XZ build.
This is determined to be due to a combination of texture, microstruc-
ture, and anisotropy inherent to the build.

In addition, IPFs show the crystal planes that are oriented along a
given direction and demonstrate key aspects of grain rotation in
crystalline structures during tensile and compressive strain.
Figure 4 illustrates the modes of rotation for FCC crystals. Under
tension loading (Fig. 4(a)), the tensile axis of FCC crystals rotates
towards the [101] direction until reaching the [001]-[111] line.
Then a secondary mode of rotation occurs during which grains
will rotate towards the [112] orientation [64]. During the initial
mode of compression (Fig. 4(b)), the slip plane normal within
FCC crystals will rotate to align with the compression axis,
causing grains to rotate into the [001]-[110] symmetry line. The
grains then enter the duplex slipping mode to rotate toward the
[011] direction [64]. Deviations from these modes of slip for
tension and compression loading imply additional microscale
stresses that warp plastic strain behavior. These effects are to be
observed in relation to build direction and LSP direction.
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Fig. 2 Typical IPF maps of (a) the XY-build direction sample microstructure and (b) the XZ-build direction sample
microstructure. Pole figures for grain families from EBSD in the (c) XY-build orientation and (d) XZ-build orientation.
A strong [110] texture is evident along the build direction.

220 311 ™ D LD
011 011
111 111

001 101 001 101
max=0.334

D 0.308

L 111 0214
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0.025
-0.069
-0.163
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(b)

Fig. 3 A difference between textures is taken for the same group of grains and thus is able to show texture changes
due to plastic deformation in a single plot. A higher intensity signifies a higher difference. This figure shows the
change before and after LSP processing in the XY-build orientation shown with (a) difference pole figure and
(b) difference IPF.

Figure 3(b) shows the IPF rotation after LSP in the XY build. The
XY build showed a distinctively different response to LSP in the LD
in comparison with the XZ build. The difference IPF along the LD
shows that the XY samples exhibited a high rotation towards and
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across the [001]-[111] boundary line which has implication for sub-
sequent tensile plastic deformation along the LD. Movement out of
the [011]-[111]-[001] triangle reduces the Schmid factor for the
primary slip mode [11—-1](101) so that other modes of slip are
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more likely [66]. Meanwhile, the XZ build demonstrated character-
istic compression grain rotation along the TD which is the axis of
applied pressure after LSP with some smaller magnitude rotations
in the LD and BD axes. It can be inferred that, due to the
compression-stable orientation of the grains along the BD, applying
pressure to the XY-build samples along the BD caused the most
detectable grain rotation to be by modes of compression plastic
strain beyond the secondary compression rotation mode which con-
tributed to the high rotation in the LD. As studied by Chen et al.
[67], LSP causes different rotation in grains according to their ori-
entation. It is likely that the anisotropic intragranular features and
grain morphology present in 3D printed samples will exacerbate
these effects. Figure 3 shows that this strong tensile rotation of
[222)/[111] and [400]/[200] planes in the LD primarily accounts
for the larger magnitude of LSP-induced plastic rotation in the XY
build as compared with the XZ build.

Comparison of the texture of LSPed and as-built samples before
and after tensile loading demonstrates how LSP changes the mode
of deformation in these samples. Samples experienced different
grain rotation after 4% strain according to whether they had been
LSPed or not. Characteristic difference IPFs as shown in Fig. 5
illustrate the different modes of grain rotation each of the samples
experienced. The non-LSPed samples in both the XY- and
XZ-build orientations display similar modes of grain rotation after
tensile strain. Along the LD, the grains undergo the primary
mode of FCC tensile grain rotation with rotation towards the
[001]-[111] symmetry line. In the axes perpendicular to loading,
the grains rotate along compression modes towards the [011] and

011

001 101

(@) (b)

Fig. 4 (a) Tension IPF rotation in an FCC crystal and (b) com-
pression IPF rotation in an FCC crystal. Images adapted from
Ref. [66].
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[101] corners. The LSPed samples exhibit noticeably different
grain rotation as exhibited in Fig. 5(b). The LSPed XY samples
show compressive grain rotation in the LD. This is likely due to
the compressive back stress and residual stress induced in the
surface of the XY builds. The compressive back stress within the
part is due to dislocation pile-ups at barriers to compressive
strain. The compressive residual stress pins these dislocation
pile-ups in place and as it is relaxed during loading, the compressive
dislocations already formed encourage modes of grain rotation typ-
ically seen in compressive loading. LSP induced fewer pinned dis-
locations in the XZ build due to the texture’s inherent hardness
along the TD. As a result, the compressive rotation mode that is
induced in the XY samples is not as pronounced in the XZ build.

This analysis is supported by the dislocations viewed in the XY-
and XZ-build orientations before and after LSP. Dislocation density
can be extracted from the EBSD images using OIM analysis to
detect lattice curvature. Lattice curvature is directly proportional
to GNDs and thus, given a known FCC primary slip system, we
may extrapolate GND density. Figure 6 shows an increase in dislo-
cation pile-ups near the grain boundaries after LSP for the same
grains. It is evident from many such analyses of all sample condi-
tions that LSP increases both the level and density gradient near
the grain boundaries in the XY build by more than in the XZ
build. The observed dislocation pile-ups contribute to a surface
layer of compressive back stress that mitigates the field of tensile
back stress developed during loading. These results support that
the texture and microstructure of the metal interact with the direc-
tion of LSP and loading to produce significant back-stress reduction
in the XY build and no observable effect in the XZ build. CPFE
simulation of the texture is capable of demonstrating how back
stress is developed for each orientation.

4.3 CPFE Simulation. For CPFE simulation, each grain of the
representative volume was assigned Bunge Euler angles randomly
sampled from the grains of EBSD images. Figure 7 shows the ori-
entation distribution of [110] planes as experimentally measured
and compares it with the randomly sampled texture used in the rep-
resentative volume. Though there is not an exact match of distribu-
tion, the strong [220]/[110] texture along the BD is still evident.

X-ray diffraction (XRD) was used to extract residual strains from
the as-built samples to input by grain family into the simulation as
well. A regression of the siny” versus the d-spacing with correction
for the out-of-plane stresses allowed for residual stress and strain to
be evaluated for all of the grain families in each build. Figure 8
shows a representative stress analysis. These residual strains are
allocated to each grain family in the simulation grain by grain. To
model the effect of texture on back-stress development, all represen-
tative volumes inherit the same back-stress tensor as was originally

101 max = 0.294

BD 0.150

0.100

1t 0.050
: 0.000

= 'a -0.050
% | -0.100

4 B -0.150
(b)

Fig. 5 Characteristic difference IPFs showing the change before and after 4% strain for the (a) as-built XY-build ori-

entation and (b) LSPed XY-build orientation
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GND Density vs Distance to Grain Boundary, XY Build
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Fig. 6 (a) GND density versus distance to grain boundary before and after LSP for the same grains viewed in
the TD-LD plane of the XY-build sample and (b) A sample scan showing the same grains before and after LSP
highlighting the increased GND density gradient near the grain boundaries in the LSPed condition

LD

110
(b)

Fig. 7 The experimentally measured texture in (a) compared
with the texture used in simulation as shown in (b)

defined by Chen et al. [21]. A positive back stress of 30 MPa is
applied in the LD and TD directions with a back stress of
—60 MPa along the BD. Note that this initial back stress is
applied across both build orientations to analyze the sole effect of

Journal of Manufacturing Science and Engineering

texture and residual stress on back-stress hardening. To simulate
back-stress development during tensile loading, a set velocity of
4 mm/s is defined on one plane of the representative volume
while the opposite plane experiences a static boundary condition.
The elastic strain of each grain family is extracted during this
loading and the back stress of each grain family is evaluated as
well. To simulate LSP, a gaussian spatial distribution of pressure
with 2 GPa peak load is applied perpendicularly to the tensile
loading direction. The pressure is applied so that it is ramped up
to peak load at 5 ns and linearly decays to zero at 10 ns. The simu-
lation is allowed to run so that the dislocations and stresses reach
steady state before applying tensile loading.

Applying the sample texture measured by EBSD to CPFE
enables simulation to approximate the hardening behavior of dif-
ferently textured build orientations. Figure 9 shows the calculated
CPFE effect of 4% tensile strain in the different build orientations
alongside the experimentally measured difference pole figure dem-
onstrating plastic grain rotation after 4% strain and unloading.
CPFE accurately predicts the relative hardness of each of the
grain families. Grain families are defined by the crystal plane
normal that is most parallel with the peening direction. The
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Fig. 8 (a) Plot of a representative sweep of XRD count intensity versus 26 for different y angles and (b) the resultant
stress analysis for the [222] lattice plane using linear regression of sin %(y) versus d-spacing data
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Fig.9 EBSD results showing the difference pole figure change before and after 4% strain for the (a) as-built XY-build
orientation and (c) as-built XZ-build orientation. CPFE elastic strain according to grain family after strain in (b) the

XY-build orientation and (d) the XZ-build orientation.

CPFE reports that in both the XY and XZ orientations, the hardest
grain family is the [311] grain family. The experimentally mea-
sured EBSD difference pole figure also identifies that the [311]
planes are those that experience the least rotation. In the
XY-build orientation, the next hardest grain family according to

041005-8 / Vol. 145, APRIL 2023

the CPFE is the [220] grain family which is corroborated by the
EBSD results. The two softest grain families in the XY-build orien-
tation are the [400]/[200] and the [222]/[111] grains. These planes
are also the planes that yield the most according to the EBSD anal-
ysis. Difference pole figure analysis shows that the XY-build grain
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Table 2 The average back stress from the LSPed CPFE
simulation according to grain family after 4% tensile strain

(220) (311) (222) (400)
XY-build back —-12.0MPa -12.6 MPa -162MPa —10.0 MPa
stress
XZ-build back 572MPa 038 MPa  6.91 MPa 16.6 MPa
stress

families experience texture difference before and after 4% strain of
1.51, 1.14, 0.60, and 0.51 for the [400]/[200], [222]/[111], [220],
and [311] grain families, respectively. The XZ-build orientation
simulation exhibits the same hierarchy of material softness
showing more plastic rotation in the [400]/[200] grain families
than any of the other grain families. The XZ-built sample is also
simulated to be significantly softer overall demonstrating that the
stronger [220]/[110] texture contributes to the material’s hardening
behavior. Experimental EBSD confirms this fact with the texture
difference before and after 4% strain of XZ samples being 12.02,
6.38, 2.96, and 2.45 for the [400]/[200], [222]/[111], [220], and
[311] grain families, respectively. The hierarchy of grain rotation
is again reflected well in the CPFE analysis. The [400]/[200]
grain family shows the greatest strain followed by the [222]/
[111] family. The [220] and [311] families show the least
amount of strain. As can be seen from Fig. 9(d), the CPFE
shows a wide strain difference between the [400]/[200] and
[222)/[111] grain families which is mirrored by difference in the
residual plastic rotation of the two grain families as shown by
the EBSD difference pole figure: an intensity change of 12.02 is
nearly twice as high as 6.38. Similarly, the [220] and [311]
grain families are most similar in their CPFE cumulative strain
and the change in the two families’ textures are only different
by 0.51 intensity. This method of comparison is a mode of valida-
tion of the hardening modeling of the CPFE.

CPFE back-stress analysis shows that the greater plastic strain
exhibited by the XZ build resulted in an on average faster rate of
back-stress development. The average back stress across all ele-
ments develops to 44.4 MPa in the XZ build after 4% strain com-
pared with 38.4 MPa in the XY build. The higher rate of slip as
exhibited by the [400]/[200] and [222]/[111] grain families in the
XZ build drives higher back-stress development as shown with
Eq. (4). On the other hand, in the XY build, the slip rate is
roughly similar across all grain families. This effect has conse-
quences for the interaction between LSP and build direction.

The LSPed simulation results show how the difference in harden-
ing behavior of the [400]/[200] and [222]/[111] grain families
between build directions contributes to the diminished effects of
LSP on the XZ build as compared with the XY build. After LSP,
the back stress along the loading direction is reduced significantly
from 30 MPa to an average of —62.5 MPa and —75.0 MPa in the
XZ-build and XY-build orientations, respectively. As seen experi-
mentally in the EBSD analysis, the XY texture was softer to LSP
resulting in greater compressive hardening. The increase in magni-
tude of compressive back stress due to LSP causes both orientations
to begin yielding below 300 MPa of applied stress as compared
with the unprocessed yielding behavior above 400 MPa as shown
in Figs. 9(b)-9(d). However, the XZ-build back stress hardens
more quickly than the XY-built samples. The average back stress
after 4% strain is 8.55 MPa in the XZ build as compared with
—11.9 MPa in the XY build. The XY-build direction retains a
measure of compressive back stress through 4% loading which con-
tributes towards an overall reduction of bulk back stress. As can be
seen in Table 2, this is because of the unique hardening behavior of
the [400]/[200] and [222]/[111] grain families in the XZ-build
orientation. The texture of the XZ build favors a high rate of
tensile plastic yield in these grain families and thus more rapidly
hardens the overall build. This causes the effects of the LSP to be
dissipated in the XZ build at a faster rate resulting in an
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experimentally non-observable difference between the LSPed and
non-LSPed samples.

5 Conclusion

This work indicates that it is possible to induce lasting tensile
back-stress reduction with LSP in additively manufactured stainless
steel, given the build orientation and texture is chosen to be favor-
able. The XZ- and XY-built samples show statistically significant
differences in measured back stress after LSP. While LSP does
not have a significant effect on the XZ-built samples, it produces
on average —247.61 MPa difference in XY-built samples all else
equal. This study shows that the disparity in effect of LSP
between build orientations is due to the following:

e Aligning the axis of peening along the BD causes LSP to com-
pressively harden the surface material more, thereby reducing
overall tensile back stress. Experimentally measured texture
differences before and after LSP as well as CPFE simulation
analysis show that LSP induces compressive hardening in
XY-built samples due to the yielding of [400]/[200] and
[222]/[111] planes which are positioned so as to be softer to
peening along the build direction. Greater compressive
plastic strain due to LSP causes heightened compressive
back-stress hardening in the surface of the sample, resulting
in an observable reduction to bulk tensile back stress.

e The texture of the XZ-built samples is softer to tensile loading
along the pulling direction than that of the XY-built samples,
causing tensile hardening to negate back-stress reduction in
the LSPed XZ samples. EBSD analysis shows that [400]/
[200] and [222]/[111] grain families are especially soft to
tensile hardening in XZ-built samples. This is shown by the
greater texture difference in these grain families before and
after strain. The rapid hardening of the [400]/[200] and
[222)/[111] grain families in the XZ samples dissipates the
compressive back stress induced by LSP, leaving no observ-
able difference between LSPed and non-LSPed samples.

Build orientation is therefore shown to interact with LSP to alter
back stress and tensile hardening behavior in additively manufac-
tured stainless steel parts. In particular, the metal’s texture and the
orientation of its texture with respect to loading and peening may
either nullify the back-stress reduction due to LSP or sustain it
through tensile strain.
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