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Abstract

Residual stress measurements using neutron diffraction and the contour method were performed on a
valve housing made from 316L stainless steel powder with intricate three-dimensional internal features
using laser powder-bed fusion additive manufacturing. The measurements captured the evolution of the
residual stress fields from a state where the valve housing was attached to the base plate to a state
where the housing was cut free from the base plate. Making use of this cut, thus making it a non-
destructive measurement in this application, the contour method mapped the residual stress
component normal to the cut plane (this stress field is completely relieved by cutting) over the whole
cut plane, as well as the change in all stresses in the entire housing due to the cut. The non-destructive
nature of the neutron diffraction measurements enabled measurements of residual stress at various
points in the build prior to cutting and again after cutting. Good agreement was observed between the
two measurement techniques, which showed large, tensile build-direction residual stresses in the outer
regions of the housing. The contour results showed large changes in multiple stress components upon
removal of the build from the base plate in two distinct regions: near the plane where the build was cut
free from the base plate and near the internal features that act as stress concentrators. These
observations should be useful in understanding the driving mechanisms for builds cracking near the base
plate and to identify regions of concern for structural integrity. Neutron diffraction measurements were
also used to show the shear stresses near the base plate were significantly lower than normal stresses,
an important assumption for the contour method because of the asymmetric cut.

Keywords: neutron diffraction; complex shape; Stainless steel; Powder Bed Fusion; Contour
Method

1 Introduction.
Metal additive manufacturing (metal AM) produces parts by selectively melting and solidifying feedstock
to build a desired 3D geometry, rather than the more traditional method of removing material from cast



or wrought stock [1,2]. Due to localized cycles of rapid heating and cooling, the constraint of the base
plate, and prior molten material, significant levels of strain and stress arise during fabrication and leave
residual stresses in the as-built part [3]. The residual stresses can be large, approaching yield strength,
resulting in distortion [3,4], premature fracture, [5] and may affect performance during service.

Several studies have reported measurements of the residual stresses in geometrically simple parts
produced by AM using both non-destructive and destructive residual stress measurement methods.
Ghasri-Khouzania et al. [6] used neutron diffraction (ND) to measure residual stresses in disks made
using laser-powder bed fusion (L-PBF) with various support structures. An et al. [7] used ND and
numerical modeling to investigate residual stresses in curved shapes made using L-PBF. Rangaswamy et
al. [8] used ND and the contour method (CM) to measure residual stress in laser engineered net shaping
(LENS™) made blocks. Brown et al. [3] reported residual stress measured by ND in a rectilinear geometry
containing a sharp notch (Charpy specimen geometry), and demonstrated how the notch affected the
stress profile. Wu et al. [9] used ND to measure residual stresses in flat prism and L-shaped samples
made using L-PBF, and also measured distortion. Strantza et al. [10] used incremental slitting (IS) and
incremental hole drilling (IHD) to investigate layer-by-layer variations in residual stresses in L-PBF
produced blocks. Vrancken et al. [11] used CM to measure residual stresses in compact tension samples
produced via L-PBF. Sillars et al. [4] used a mechanical relaxation method and distortion measurements
to evaluate the influence of processing parameter on residual stresses of test samples made using L-PBF.

The focus of this paper is the residual stress field in a valve housing built of 316L stainless steel as part of
the Sandia National Laboratories “Born Qualified” Laboratory Directed Research and Development
(LDRD) program focused on qualifying additively manufactured parts for high-reliability applications. The
housing features an intricate internal shape well suited for applying AM, as cutting the internal features
via subtractive manufacture is costly and time consuming.

Assessing residual stress in two conditions, first with the housing attached to the base plate, and second
with the housing cut free from the base plate, directly supports development and validation of an
advanced process model [12] for long term structural integrity evaluation. The work here presents a
novel combination of complementary experimental techniques to most effectively measure the residual
stress in the two states. First, ND is used to non-destructively measure the stresses with the housing still
on the base plate. Second, a CM measurement, normally considered destructive, makes use of the cut
that was required to remove the housing from the base plate, rendering the CM measurement non-
destructive in this application. This CM measurement provides two distinct sets of stresses. First, it maps
the stresses on the cut plane, which can be compared to the ND measurements. Second, it quantifies
the change in all stress components throughout the housing caused by base plate removal [13], which
could be combined with the initial ND measurements to give the final stresses. The application of CM to
determine change stresses has been validated for multiple stress components on the cut plane [14,15]
and also for stresses away from the cut [16,17] but usually on simple shaped specimens. Since the
housing is such a complicated shape, a second set of ND measurements are taken in the final state to
validate the ability of the contour method to determine the change of the stress state.

Having the CM and ND measurements directly comparable on one plane is a key aspect of the
measurement plan. The complex internal shape of the housing poses challenges for both ND and CM
techniques as significant stress gradients are expected near the internal features. The ND measurements
allow for bulk measurements of the 3D stress state at discrete points inside the part with a relatively
modest spatial resolution of a few cubic millimeters, e.g. 2x2x2 mm?3 [18], and thus the results will be an



average over a volume that may have significant stress gradients. The CM measurement provides the
normal stress component on a single plane, the result being a continuous two-dimensional map of the
stress field rather than a set of values at discrete points [19]. ND and CM are complementary
measurement techniques that rely on distinct assumptions. ND assumes that lattice spacings measured
directly in grains can be related to macroscopic stress [20], while CM assumes idealized cutting and
predominantly elastic deformation when residual stresses are relaxed by cutting [21]. Past work has
focused on using the two diverse and complementary stress measurement techniques as cross-
validation for each other, providing strong support for model validation and engineering decisions
regarding the character of residual stress that results from fabrication [22]. This work extends that goal
by using the two techniques in concert to gain information that could not be gained by either
individually.

2 Experimental Methods.

2.1 Sample Preparation.

Figure 1a shows an image of the valve housing as mounted for the diffraction measurements; the origin
of the adopted coordinate system is indicated. Figure 1b shows a 3D schematic of the housing
displaying the internal structure and Figure 1c shows a side view. The valve housing was produced using
a metal laser-powder bed fusion machine (3D Systems, ProX 200) at Sandia National Laboratories,
operating in an Argon atmosphere using 316L powder purchased from 3D Systems. Powder samples
were gathered in accordance with ASTM B215, and the size distribution was calculated from 100,000
particles observed using SEM images with magnifications from 100X to 10000X. The number-based
distributions (D"10, D"s0, and D"y), calculated to be the particle diameters at which 10%, 50%, and 90% of
the particle population by number were smaller [23], were 11.82um, 18.09um and 27.91um,
respectively. The part was produced using a scan pattern in which the laser scanned parallel and
orthogonal to the long axis of the housing in alternating, successive layers. 103 W of laser power was
utilized with a nominal 1400 mm/sec scan velocity, a 50 um cross feed and a nominal 30 um layer
thickness. The base plate was 316L stainless steel and of size 140x140x15 mm?. The housing was 33.02
mm along the build direction with a footprint of 35.56 (L) x19.05 (T) mm?2.

The housing has three built-in blind holes: two offset horizontal holes and one central vertical hole. The
diameters of the holes are not uniform along the length but exhibit features in support of the function
of the valve housing, e.g. thread reliefs and other port features. The sample was marked with North (N),
East (E), South (S) and West (W) directions on the base plate; N being the direction from the front to the
back of the L-PBF machine and E-W being along the powder spreading direction. The spreading of
powder takes place in two steps; a roller applies approximately 90 um thick layer of powder moving
from W to E to ensure full coverage, and on the return path from E to W the same roller reduces the
layer thickness to the desired 30 um.
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Figure 1: a) Coordinate system shown on the housing, b) and c) 3D schematic and side view of the
housing with the colored lines indicating locations of ND measurement shown. The coordinate system is
shown with black arrows and text.

The ND residual stress measurements were made along sets of lines defined within the housing, shown
in Figures 1b and c): Three horizontal lines 1.75 mm from the intersection of the housing with the base
plate. The lower-center line (red) is at the center of the thickness, the lower-south line is 2.3 mm from
the South boundary (blue) and the lower-north line (green) is 2.3 mm from the North boundary,
respectively; Three horizontal lines at the mid plane of the housing (above the red line) distributed from
just above the horizontal holes to close to the top of the housing. The top-center line (orange) is 1.75
mm from the top of the housing, the middle-center line (gray) is 8.75 mm from the top of the housing,
and the bottom-center line (turquoise) is 15.75 mm from the top of the housing, respectively. The latter
three lines are split in halves by the vertical hole; Two vertical lines at the same center plane as the
vertical hole. The vertical-south line (purple) is in-line with the lower-south line (blue) and the vertical-
north line (black) is in-line with the lower-north line (green).

The base plate was trimmed to 48.26x31.75 mm? (6.35 mm larger than the housing footprint) in order
to facilitate ND measurements close to the base plate without asymmetric attenuation of the diffracted
neutron beam by the full base plate. Residual strains were measured using ND in two states of the
housing: 1) with the trimmed base plate, referred to as as-built , and 2) with the base plate cut from the
housing, referred to as parted, using the terminology introduced in [3]. Wire electrical discharge
machining (EDM) was used both to trim the base plate and to part the component from the base plate
since EDM using skim cut settings causes minimal machining stress [24]. The final cut that parted the
housing from the trimmed base plate was the first step of the CM measurement. This cut used wire EDM
and the careful clamping on both sides of the cut typical of CM practice [15,25].

During the ND measurements a coordinate system was defined having its origin at the SW corner of the
parallelepiped build away from the base plate as shown in Figure 1. The X (longitudinal or L) and Y
(transverse or T) directions lay along the long and short dimensions of the component footprint,
respectively; the Z axis is along the build direction (B), see Figure 1.

2.2 Neutron Diffraction.

The ND residual stress measurements were performed using the SMARTS instrument (Spectrometer for
Materials Research at Temperature and Stress) at Los Alamos Neutron Science Center (LANSCE) [26]. A
detailed description of the instrument has been given elsewhere [22], and here only the salient details
of the experimental setup will be described. The pulsed (20Hz) accelerator based source at LANSCE



produces a “white” incident neutron beam with useable neutron wavelength range on the SMARTS
instrument from about 0.5 to 7.5A. The incident beam was defined by motorized boron nitride slits to
have a cross section of 2x2 mm? before impinging on the sample. Two detector banks at +90 and -90
degrees from the incident beam at the sample position were utilized to collect diffracted neutrons. A set
of radial collimators with an acceptance length of 2 mm was used to limit the view of the two detector
banks; that is to define the resolution along the incident beam. The overlap of the incident neutron
beam with the detector view defines a 3D gauge volume of 2x2x2 mm? over which lattice parameter
measurements are averaged. The two detector banks simultaneously record independent diffraction
patterns with orthogonal scattering vectors [22]. The diffraction scattering vectors, respectively
bisecting the incident and diffracted beams associated with the two banks, define the directions along
which the lattice strains are measured. By orienting the housing in two orthogonal orientations with
respect to the instrument, the lattice strains are determined along three mutually orthogonal directions
(scattering vectors), with one of the measurement directions repeated, see Figure 2.

Figure 2: The housing mounted for measurements in SMARTS; a) aligned for measurements along the B
and T directions, and b) aligned for measurements along the L and T directions. The purple arrows
represent the incident beam, the blue arrows represent the diffracted beams for the two banks, and the
red and green arrows represent the scattering vectors for the +90 and -90 degree banks, respectively.

Partial burial of the gauge volume within the material results in significant errors in the measured lattice
parameters [14,27]. To ensure the gauge volume is always fully buried within the material, the center of
the measurement locations is always chosen to be a minimum of 1.75 mm from any surface, which
leaves approximately 0.3 mm of buffer for the 2v22 + 22 = V2 = 1.41 mm half-face-diagonal
dimension of the gauge volume. Using the computerized theodolites available at SMARTS [22] the
positioning accuracy is better than 0.1 mm, depending on the surface finish and available sharp features
of the sample.



The lattice parameters were determined using Rietveld refinement [28] of the full diffraction patterns
using the GSAS software [29] and the SMARTSware batch refinement routines [30]. The lattice strains
were calculated from the change in lattice parameter relative to an assumed stress free reference as:

a—ap

ag (1)

The reference lattice spacing of the steel, a,,, was measured on three 3.5x3.5x3.5 mm? cubes cut from a
sister sample at different heights along the build direction, see [31] for guidance on reference
measurements. The two states (as-built and parted) were measured in two separate instrument setups
as time was needed in-between for the sample to decay to background levels before EDM cutting it off
the base plate. Furthermore, the two detectors of the SMARTS instrument are independent
measurements, which leads to two sets of two reference lattice parameters as shown in Table 1. The
reference cubes were measured in both setups, aligned to the same accuracy as the housing, and the
measurements were done in the same directions relative to the build and transverse directions as for
the housing. The uncertainties given in Table 1 are the standard deviations over the measurements on
the three cubes, and as seen from the low values, there were no differences observed as function of
build height or sample direction. There are, however, differences between the states and the banks,
which is caused by slight differences in the setups as the instrument was fully reconfigured in-between
the measurements to accommodate other users. While these differences between setups influence the
absolute values of the reference lattice parameters, they have no impact the strain calculations that are
based upon the relative change in lattice parameter.

Table 1: Reference lattice parameters for the two states and the two banks.

State +90 degree bank Uncertainty -90 degree bank Uncertainty
As-built 3.59673 0.00008 3.59754 0.00020
Parted 3.59622 0.00009 3.59841 0.00009

Strain determined from the lattice parameter found through Rietveld refinement of the entire pattern,
as compared to single peak determination, have been shown to accurately represent the macroscopic
residual strain in the sample [16], and thus appropriate for determining the macroscopic residual stress
(Type | stresses) [32]. ND measurements of the shear stresses were also completed on parts of the
lower-north/center/south lines for two reasons. First, it is not obvious that the principal stress axes must
align with the sample coordinate system as defined in the AM component as is often assumed in ND
stress measurement. Secondly, unlike common applications of CM, these measurements depend on an
assumption of zero shear stress at the cut interface.

From a mathematical point of view, the measured strains are normal strain components of the full strain
tensor projected onto the measurement direction. While a determination of the full stress tensor
requires measurement of at least 6 strain components [33], three orthogonal normal stress components
can be determined from three measured orthogonal normal strains according to Hooke’s law when the
material response is isotropic:

0; ) ((1 —v)g +v(g + sk)); i,j,k€B,LT (2)

" a+v-



where E and v are Young’s modulus and Poisson’s ratio for the 316L stainless steel, respectively, see
Table 2.

Table 2: Elastic constants used for 316L stainless steel in the stress calculations [34].

Material Young’s modulus (E, GPa) | Poisson’s ratio (v) Shear modulus (G, GPa)

316L SS 193 0.25 77.2

If the three measured strains are the principal strains, then the measurements represent the full strain
tensor and the calculated stress represents the full stress tensor. However, it is not known a priori, in
general, that the principal axes coincide with the orthogonal measurement directions, and shear strains
may be present. Any stress components determined from Eq. 2 can be used for the purpose of
validating a process model. However, if the measured results are to be used to predict, for instance,
fracture behavior, it is important to find the principal stresses.

Full strain tensor measurements using ND have been reported in the literature [35,36], but most
diffraction-based residual stress measurements assume principal directions a priori, based on sample
geometry, and only these three strains are measured [37,38]. In general, the complex laser path used
during the L-PBF process produces localized strain fields from numerous individual melt pools [10],
making questionable the assumption that the principle axes align with the external sample boundaries
as would be expected in the case of a simple linear weld. In the present work in particular, the complex
internal shape of the housing could make the principal directions vary significantly from point to point
and to be inconsistent with directions inherited from the overall housing parallelepiped outline and the
AM process, i.e. the B, L and T directions. This led to the decision to measure additional strain
components in the as-built condition to assess shear strain and stress components at various points in
the build, near the base plate, along the lower-north/center/south lines of Figure 1b.

L

Figure 3: Sketch of the scattering vectors employed to measure the lattice strain components needed to
determine the BL and BT shear strains.

To determine two shear stress components, two additional normal strain components were measured
with the sample rotated 45° from the original orientation about the transverse and longitudinal axes, so
strains were along the build-longitudinal (BL) and build-transverse (BT) directions (¢2% and £B7),
respectively, see Figure 3. The additional strain data were combined with the three original orthogonal



normal strains, along B, L and T, to determine the BL and BT shear strains (yg; and yzr) using for
instance

Yo = 2B — (e + €1) (3)

Note that superscript was used in equation (3) to identify the measured normal strains along the build-
longitudinal and build-transverse directions in order not to confuse them with the tensor shear strains
along the Cartesian directions, e.g. €g;, = yg./2. Equation (3) is readily found from simple coordinate
transformation considerations for a rotation of 45° [39]. The shear stresses are calculated from

Tg, = VG and Tpr = yprG (4)
where G is the shear modulus of the 316L stainless steel (see Table 2).

The uncertainty of the strain measurements is propagated from the fitting error of the measured lattice
parameters and is generally about £75 pe with maximum of about +180 pie, depending on the neutron
path length. The resulting stress uncertainties are generally about 25 MPa with maximum of about £50
MPa.

2.3 Contour Method.

Applying the contour method to the cut for removing the base plate yields significant additional
information: 1.) A stress map on the plane of the cut and 2.) The stress changes throughout the rest of
the housing following the cut. The contour method is a relaxation technique that determines a two-
dimensional map of a single component of residual stress acting normal to a plane of interest, while
simultaneously determining the change in all residual stress components throughout the part [13,17].
This change in stress will be expanded on in the discussion section, and to facilitate this we have defined
the Change Stresses (CS) as the difference in stress between the two states, found as the stresses in the
parted state minus the stresses in the as-built state. During a typical CM measurement, a prismatic part
is sectioned, using wire EDM, along a plane of interest. Usually, the plane of interest is also a plane of
geometric symmetry. The sectioning process results in a redistribution of stress in the body (to
accommodate the new free surface) which causes distortion of the cut surfaces. Precision metrology
equipment is used to measure the cut surface height (i.e. contour) as a function of position in the plane.
The stress, normal to the plane of interest, is determined using a linear elastic finite element analysis
where the opposite of the cut surface height is applied as a displacement boundary condition to the cut
surface. Such an analysis effectively returns the deformed material to its original location, reversing the
elastic relaxation and thereby quantifying the change in stress throughout the body [21]. Since the
stresses normal to the cut plane are fully relaxed (because of the free surface condition), the change in
those stresses are the original residual stresses. Assuming symmetry of the part, a single stress analysis
is performed using displacement boundary conditions that are an average of the surface heights
measured on each half of the two cut surfaces. Using the average eliminates errors from a non-straight
cut path and from shear stress that may exist on the cut plane, and applying smoothing in the form of
fitting a surface of bivariate smoothing splines to the measured point clouds minimizes the effect of
noise in the data [40].

In the present work, the CM was used to measure residual stress on the plane where the component
was cut from the base plate, and so measured the build direction stress component as a function of the
longitudinal and transverse position (i.e., og(X, Y)). A modification to the typical CM analysis was
required because the current measurement plane was not a plane of geometric symmetry (i.e. the base



plate has different stiffness than does the built housing). The measured contours on the two sides of the
cut were averaged, as is typical for CM. The modification then consisted of applying this averaged
contour as displacement boundary conditions in two analyses: one analysis for the baseplate and the
other for the build. The measured stress is then the average of results from the two stress analyses.
Mahmoudi [41] and our prior work (unpublished) have demonstrated the accuracy of this approach.
Because of the geometry asymmetry, the CS throughout the rest of the housing cannot be similarly
averaged. Fortunately, the averaged stresses on the cut plane have the information needed to calculate
the CS [42]. Therefore, the CS are computed by a third stress analysis, which applied the measured
stress field to the cut plane of a new model of the build. The model domain is the valve body after
removal from the base plate, the average contour stress field is applied to this domain at the contour
plane, and the stress analysis provides the CS throughout the build. It is worth noting that the
asymmetry about the cut plane renders the contour measurement susceptible to error from shear stress
on the cut plane, an error not present in a typical symmetric CM measurement. Concern over this
potential error supported the complementary ND measurements of shear stress near the baseplate.

The uncertainty associated with the CM measurements have previously been determined for a similar
material and technique application to have a floor and 95th percentile of about 20 and 40 MPa [43].
Those uncertainties are for the stresses measured on the cut plane. The stress changes decay
significantly away from the cut plane per St. Venant’s principle, and the uncertainties decay
approximately proportionally.

The finite-element-based data reduction of the CM technique was realized using Abaqus CAE Version
6.14 [44]. Linear elastic material behavior was assumed with the material properties given in Table 2.
Linear brick elements with incompatible modes were used with local refinement near the contour plane
and tetrahedral elements were employed in the more complex areas of the valve housing internals. Tie
constraints were placed between the incompatible element faces and the overall solution was
calculated using the implicit solver in Abaqus/Standard.

3 Results.

3.1 Neutron diffraction.

Figure 4 shows a comparison of the measured lattice parameters along the build direction on the lower-
north/center/south lines (1.75 mm from the base plate) in the as-built and parted states. Comparing the
raw measured data in this manner is helpful in gauging repeatability of the absolute determination of
the lattice parameter after several intervening months and instrument reconfigures and the
appropriateness of the uncertainties based upon the fitting of the data. The axes are held fixed in both
plots with the full range of the ordinate representing an elastic strain of just greater than 0.0044. The
reference lattice parameters, given in Table 1, are marked with the horizontal dashed lines on the plots.
There is significant variation of the build-direction lattice parameter in the as-built state; the lattice
parameter is higher than the reference at the ends and lower near the center. Also, the lattice
parameter is consistently lower in the central plane of the housing, the lower-center (red) line, then on
either side. In contrast, in the parted state the lattice parameters collapse to within a band of about
0.002 A (~550 pe), with slightly increasing trends close to the end surfaces.
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Figure 4: Measured build-direction lattice parameters along the lower-south/center/north lines (blue, red
and green lines): a) in the as-built state, and b) in the parted state. The horizontal dashed lines indicate
the measured reference stress-free lattice parameter.

A comparison of the measured residual stresses along the B, L and T directions for the as-built and
parted states along co-planar lines 1.75 mm from the base plate (lower-north/center/south lines, i.e.
blue, red and green, respectively, defined in Figure 1 is shown in Figure 5. The stress uncertainties
propagated from the lattice parameter uncertainties are indicated on the plots. In the as-built state,
significant tensile build-direction stresses are observed near the E and W sides of the housing with a
decrease at the middle. The symmetry between the lines on the N and S sides, (blue and green,
respectively) is somewhat surprising given the asymmetry of the horizontal blind holes. The maximum
tensile stresses, observed along the B direction, are between 500 and 600 MPa near the corners near
the base plate. However, those stresses are rapidly increasing as the end of the measurement range is
approached and may continue to do so until the surface is reached. In the middle of the scanned plane,
the stresses are compressive and near -200 MPa.

10



D o AsbuitBuid B o Asbuit Longitudinl € 0 Asbuilt Transverse
2 400 T 400 ¢ 2 400
= = =
o 200 o 200t o 200
8 8 8
s 0 s 0 = 0l
&" -200 & -2001L ——lower-south &" -2001L
—=lower-center
——lower-north
40— .. 40— ——— . 40— . ..
15 10 5 0 5 10 15 15 10 5 0 5 10 15 15 10 5 0 5 10 15
Distance from center [mm)] Distance from center [mm] Distance from center [mm)]
d) 600 ‘ Pgrted; Builq ‘ ‘ e) 600 ‘Parte‘d; Lo‘ngitu‘dinal‘ ‘ f) 600 ‘Partgd;Tr‘ansvgrse‘
5 400+ 5 400+ 5 400+
= = =
» 200t 1 & 200t » 200} 1
8 8 8
k7 k7 »
s S e N
> > =l
=] =) =]
& -200| & -200| & -200 |
400 .. 400 .. 40000
1510 5 0 5 10 15 1510 5 0 5 10 15 1510 5 0 5 10 15
Distance from center [mm)] Distance from center [mm] Distance from center [mm]

Figure 5: Measured residual stress components in the as-built state along the lower-south/center/north
lines (blue, red and green lines): a) build, b) longitudinal, and c) transverse. Measured residual stresses in
the parted state along the lower-south/center/north lines: d) build, e) longitudinal, and f) transverse.

In the as-built state near the base plate, the longitudinal and transverse residual stress components are
significantly smaller than the build-direction residual stress component. Figure 5b shows a general
tensile longitudinal residual stress of up to 200 MPa. This is consistent with cooling of deposited
material pulling on the base plate. The longitudinal stresses tend to zero at each end of the lower
horizontal lines which is consistent with the nearby free surfaces where the longitudinal stress
component must be zero. However, in the as-built state they do not reduce fully to zero at the
outermost measurement locations, which could be an indication that the abrupt change in cross section
between the housing and the base plate does impose extra constraints that generates further sharp
gradients close to the surface and close to the base plate. The longitudinal stress is lower on the west
end of the lower-south (blue) line and on the east end of the lower-north (green) line, trends that are
consistent with proximity to the laterally offset horizontal holes.

In the parted state, the build-direction stress is near zero at all locations of the lower-
north/center/south lines as is expected for a stress normal to a free surface. The longitudinal stresses
have decreased to near zero at the ends following parting from the base plate, again as the free surface
is approached. They increase to reach 200 MPa near the center of the plane. The transverse stresses are
relatively unchanged after parting from the build plate.

The measured shear stresses in the build-longitudinal (BL) and build-transverse (BT) directions on the
same plane, 1.75 mm from the base plate, in the as-built state are shown in Figure 6, maintaining the
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scale from Figure 3. The shear stresses are relatively small. The maximum value is about 90 MPa which
puts the shear stress level at about half of what is observed for the build-direction stresses along these
lines in the parted state. This result is significant for the application of the CM to an asymmetric cut
where the presence of significant shear stresses along the cut plane introduces a potential source of
error [17]. Due to limited beam time allocation the shear measurements were only done on a subset of
the locations on the three lower lines; covering one end for all three lines and both ends for the lower-
south and lower center lines.
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Figure 6: Measured residual shear stresses in the as-built state along the lower-south/center/north lines
(blue, red and green lines): a) build-longitudinal (BL) shear, and b) build-transverse (BT) shear (no data
for the lower-south line in this direction).

A comparison of the residual stresses in the as-built and parted states along the top/middle/bottom-
center (orange, gray and turquoise) lines is shown in Figure 7. In the line closest to the base plate
(bottom-center), the trend is similar to the measurement near the base plate (lower-center) in form,
which is tensile near the edge and compressive in the center, but reduced in magnitude. The maximum
tensile build-direction stresses near the E and W ends are in the 200 to 300 MPa range. The build-
direction stresses are generally within uncertainty of zero on the top-center (orange) line, and the
longitudinal and transverse stresses on this line closest to the top of the housing are tensile and
significant, exceeding 200 MPa at some points. As expected for the locations so far from the base plate,
there is minimal change in the observed residual stresses in the top half of the housing following parting
from the base plate.
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Figure 7: Measured residual stresses in the as-built and parted states along the top/middle/bottom-
center lines (orange, gray and turquoise lines): a) build, b) longitudinal, and c) transverse.

A comparison of the observed residual stresses for the as-built and parted states along the south/north-
vertical (purple and black) lines is shown in Figure 8. In the as-built state the longitudinal stresses are
high near the top of the build, lower in the middle, and slowly increase closer to the base plate. In the
parted state near the top of the build, stresses are nearly identical to those in the as-built state. Stress
differences between as-built and parted states become larger with increasing distance from the top of
the housing. The build-direction and transverse stresses are consistently low in these plots in both as-
built and parted states, with those in the parted state being slightly lower. However, this is misleading.
The black and purple lines intersect the green and blue lines of Figure 5a) at the center, where they
happen to be approximately zero. At another location along the longitudinal direction of the housing,
the build direction stresses would be significantly larger. For all stress components in the as-built state,
measured stress on the south-vertical (purple) line is more compressive than on the north-vertical
(black) line, but in the in the parted state stress on the two lines are more similar.
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Figure 8: Measured ND residual stresses in the as-built and parted states along the vertical-south and
vertical-north lines (purple and black lines): a) build, b) longitudinal, and c) transverse.

3.2 Contour Method.

Figure 9a shows the average measured contour (surface height map) on the plane cut when removing
the housing from the base plate; it is an average of the contours of the housing side and the base plate
side of the cut. The peak to valley displacement is roughly 0.050mm with the East and West edges
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distorting up and away from the base plate. The build-direction stress map on the same plane as
determined from the measured contour by the finite element analysis described in section 2.3 for the
as-built state is shown in Figure 9b. Significant tensile residual stresses are observed at the perimeter,
balanced by a region of compression at the center. At the surface, the build direction stresses are in
excess of 400 MPa. The cited yield strength of wrought 316L stainless steel can vary between 200 and
700 MPa depending on the thermo-mechanical heat treatment [45,46] and AM material is typically on
the high side of that range [47,48,49], but clearly these stresses are significant compared to the strength
of the material. The absolute magnitude of the compressive stresses in the interior of the housing are
lower, roughly -250MPa, but over a significantly larger area. There is a slight asymmetry with somewhat
higher compressive level towards the west end of the sample. Figure 9c shows a comparison of the CM
at the cut surface and the ND measurements along the blue, red and green lines. There is a difference of
1.75 mm along the build direction between the loci of the CM and the ND measurement locations,
nevertheless, the two disparate stress measurement techniques produce very similar results, enabling a
great deal of confidence in both.
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Figure 9: a) Average contour (surface height) measured on the cut surface, b) Average stresses in the
Build direction calculated from the measurement in a), and c) a comparison of the measured residual
stresses using CM (at the surface) and ND (at the line locations) for the lower-south/center/north lines.

4  Discussion.

Neutron diffraction and the contour method have been used in conjunction previously for the purposes
of cross validation of each other [50,51,52]. The added confidence in applying the two distinct
measurement techniques to the same or similar samples enhances the experimental results when used
for validation of process model simulations. However, the need for removing the as-built AM
component from the base plate enables non-destructive coupling of the two techniques to produce
results far beyond what either technique can produce standing alone. Once again, this enhances the
prospect of utilizing the experimental determination of stress for validating AM process models.
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The residual stress state changes significantly when the component is parted from the base plate. The
stress relief is necessarily associated with distortion. The build-direction stresses in the as-built state,
Figure 5a and Figure 9a, show the characteristic highly tensile regions close to the east and west edges
with a dip in the majority of the interior [3,9]. This general stress state with regions of highly tensile
build-direction stresses at the sides indicate that the build wants to curl up due to build-generated
strains that are restrained by the base plate, causing tensile build-direction stress. Once removed from
the base plate, the build distorts (strains) as the build-direction stress is relieved [3,9]. In this work the
CM measurement uses the distortion to determine the build-direction residual stress field.
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Figure 10: Build direction Change Stress (CS) on the lower-south/center/north (blue, red and green) lines
from the ND and CM measurements

The ND and CM data in Figure 9 are not at the same locations: the CM data are inherently at the surface
while the ND data are 1.75 mm into the build (to enable measurements both before and after cutting
the build free at the same locations), which limits the cross validation of the results. In the following we
will use the comparison of the change in stress (or CS as defined in section 2.3) between the two states
for a more direct comparison of the two techniques. Bueckner’s principle, which is the basis for the CM
technique, tells us that the change in stresses over the entire volume of the part being sectioned are
uniquely determined by only the stresses fully relaxed on the cut plane [43]. In the present work we can
also determine the CS from the ND as we have the ND at identical locations in both states. Hence we can
perform direct comparisons of the CS from the two techniques, as shown in Figure 10. The CM data
presented in Figure 10 are derived from line plots extracted from the finite element analysis along the
measurement lines through the ND gauge volume centroids. Averaging of the CM data over the ND
gauge volumes was performed as suggested in [53], but in all cases the difference between the volume
averaged value and the line plot value at the center of the gauge volume was less than 2 MPa. Because
high tensile stresses at the ends of the blue/red/green lines in the as-built state (Figure 5a) reduce to
near zero stress in the parted state (Figure 5b), the CS near the ends of those lines are compressive.
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There is good agreement between CS from the CM and ND techniques in Figure 10, though not quite
within uncertainty at all locations. We note consistency of the regions where the lower-south lines are
above the lower-north, and vice versa, which are attributed to the offset of the housing internal
passages.

As the CM analysis provides the CS in all stress components throughout the housing volume we can
present the CS for specific stress components on any plane. Figure 11a shows the longitudinal CSon a
virtual sectioning plane containing the south- and north-vertical measurement lines (purple and black).
Similarly, Figure 11b shows the build-direction CS on a virtual sectioning plane following the mid-plane
of the housing (an example of the transverse direction CS, is not plotted, as they are generally smaller in
magnitude). For a simple parallelepiped sample without internal feature the CS is monotonically
decaying with distance from the cut surface [17], however, from Figure 11 it is seen that there are local
regions of high CS near these internal features.

The largest longitudinal CS (~300MPa) is observed near the cut because of a Poisson effect as the build-
direction stress component is fully relieved on the plane of the cut, whereas the transverse direction CS,
not plotted, are generally similar in trends, but smaller in magnitude. It is important to note that the
stress release must be associated with macroscopic distortion that may take the component out of
geometric specification. The build-direction CS is largest near the cut plane and generally decays to
smaller magnitudes farther away, as expected by St. Venant’s Principle [54]. However, even larger (~400
MPa) build-direction CS are observed near the internal features of the intricate component because of
stress concentration effects. A through-hole in a plate has a stress concentration factor of three [55].
The internal features in the housing are holes with intersections and some abrupt shape changes, so
they have stress concentrations somewhat larger than three locally in those areas. Large CS near
features may lead to later problems in service.

longitudingd
dhrection

a) b)

Figure 11. The Change Stress (CS) on two virtual sectioning planes provided by the contour method.
Shown on roughly half of the housing where the top surface in each figure is a virtual sectioning plane.
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Approximate location of ND scan lines are overlaid for reference. a) longitudinal CS (-200 to 300 MPa
colorscale) and b) build direction CS (-400 to 400 MPa colorscale), shown on different sections.

In the present work we employed the ND measurements before and after the parting of the housing
from the base plate to validate the use of CM on the parting cut to determine the CS throughout the
housing as discussed below. In turn, this means that by applying the CM technique to the parting cut, it
is not necessary to perform both sets of ND measurements, as the residual stresses in the as-built part
can be determined by combining the CS from the CM measurement with the ND measurements in the
parted state. Figure 12 shows a comparison of the residual stress changes along the purple and black
lines based upon the ND measurements in the as-built and parted states and the CM results extracted
along those paths for all stress components. The significant longitudinal CS observed close to the cut
plane where the spatially varying contractions were constrained by neighboring material in the base
plate is caused by the Poisson contraction from the build-direction stress relaxation. The transverse CS
shows an increase near the base plate similar to the longitudinal stress changes, but at a lower level as it
is constrained less due to the smaller lateral dimension of the housing in the transverse direction. The
negligible CS in build-direction stress on the vertical-south and vertical-north lines close to the cut plane
is a consequence of those paths probing a rare location with near-zero build direction stresses (see
Figure 9c at the center, or 0 mm, location), showing that looking at data on only a single path can be
quite misleading.

Based on the CM, little or no CS are observed in the upper half of the valve housing following the parting
cut, see Figure 11. While an explicit comparison is not shown for brevity, this is consistent with the ND
observations that the stresses on the top-, middle- and lower-center lines do not evolve significantly
following the cut.
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Figure 12: ND and CM Change Stress (CS) along the vertical-south and vertical-north (purple and black)
lines: a) build, b) longitudinal, and c) transverse.

The largest CS for all stress components occur in two distinct regions as shown in Figure 11: near the
plane of build removal and near geometrical features that act as stress concentrations. For structural
integrity purposes, high magnitude stresses are of the most concern. In this work, the ND measurements
revealed the CS near the cut plane (Figure 5 and Figure 12b) but missed those near stress
concentrations. Given its inherent sampling volume and inability to get data near part surfaces, ND
would have difficulty in identifying some of these changes, again highlighting the value of using ND and
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CM as complementary residual stress measurement techniques. Note that some locations on the
vertical-north line in Figure 12 (and in Figure 8) exhibit increased stress uncertainties caused by
insufficient count time employed for these locations. In these locations, the beam path lengths were
significantly longer, but the limited beam time allocation did not allow for adding the significant count
time needed to decrease the uncertainty, or a sample repositioning that could have alleviated the issue.

The comparison of CS measured by CM and ND generally agree in trends but show scatter in the ND
data that may reveal underestimated uncertainty. For example, consider the comparisons in Figure 12.
Close to the top, the measurements are so far from the cut plane that by St. Venant’s Principle the stress
differences must be small. There is therefore no significant uncertainty in those CM results. The ND
results disagree outside uncertainty bars with the CM results much more often than would be expected
for the one standard deviation uncertainty bars. The most likely explanation is that the reference lattice
spacing a,, which found to be constant within three reference cubes taken at different build heights, in
fact varies spatially because of localized effects during the part build. Such variation would be hard to
measure without fully destructively sectioning the part and are not captured by the peak fit
uncertainties used to estimate stress uncertainties. There are other examples where peak fit
uncertainties have been shown to underestimate the total uncertainty for ND, e.g. [56].

5 Conclusions.

Residual strains and stresses in a 316L stainless steel valve housing with intricate three-dimensional
internal features built by metal additive manufacturing were measured using neutron diffraction (ND)
and the contour method (CM) for two states: with the trimmed base plate (as-built) and removed from
the base plate (parted). The ND and CM measurements are in good agreement and due to the distinct
assumptions and principles used in the two techniques this provides a very strong validation of both. In
the as-built state, the outer perimeter of the valve housing has tensile build-direction residual stresses
close to the expected yield strength of as-built material with balancing compression away from the
perimeter. This residual stress pattern has been observed for other metal AM parts [3,9] and seems
inherent to the L-PBF process.

Residual shear stresses in the valve housing near the base plate were measured using ND in the as-built
state and found to be at relatively low levels compared to the measured normal stresses. This is
beneficial to both measurement techniques; a typical ND measurement is limited to measuring normal
stresses in an assumed principal coordinate system, and in CM measurement the out-of-plane shear
stresses are a potential source of error when the cut plane is not a plane of symmetry.

The CM results showed large changes in stress (or CS as defined in section 2.3) upon removal of the
build from the base plate in two distinct regions: near the plane where the build was cut free from the
base plate and near geometrical features that act as stress concentrations. As expected, the build-
direction stresses, those relieved fully at the cut plane, showed the largest CS. However, the longitudinal
CS close to the cut were also significant. The internal passages in the housing give rise to some highly
localized stresses, evidenced by the large CS in those regions, which could be of concern for structural
integrity and deviation from dimensional specifications.

Since the contour method can determine the CS throughout the part from removing the base plate, ND
could be used either before or after the base plate removal and the stresses would be known in both
states. Performing CM on the parting cut enables experimental determination of regions with large CS
that may also be of interest for detailed neutron studies. For the same amount of neutron beam time,
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one could more thoroughly look at the final stress state that in the end is the most important for the
performance and life time expectation of the part.

The measured residual stresses will be used to validate and support development of L-PBF AM process
models in the future.
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