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Mapping Residual Stresses After Foreign Object Damage Using The
Contour Method

Michael B. Prime'", Rick L. Martineau’
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Abstract. A 51-mm thick plate of High-Strength Low-Alloy (HSLA-100) steel was impacted by a
6.4 mm diameter tungsten carbide sphere traveling at 2.2 km/sec. The projectile penetration left a 10
mm diameter and 12 mm deep crater. A residual stress map over a cross-section through the crater
was measured by the contour method. The predominant feature of the stress map was a peak
compressive stress of 900 MPa, or 1.3 times the yield strength, centered about 1%2 crater radii below
the crater floor. The results were compared with an explicit finite element simulation of the impact
event. The model has good agreement with the measured residual stresses. As part of the study,
residual stresses in the as-received HSLA-100 plate were also measured and found to be a typical
quenching stress distribution with peak compressive stress of about 165 MPa a few mm below the
surface and tensile stress of 200 MPa in the center of the plate thickness.

Introduction

Residual stresses caused by foreign object damage are receiving increased attention because of their
affect on subsequent part performance. The term “foreign object damage” (FOD) originated to
describe damage of the blades in jet aircraft turbine engines. Such damage is caused by
impingement of debris, sand, hailstones, etc. High-cycle fatigue, the leading cause of failure of these
engines, usually occurs in a region affected by foreign object damage [1]. The influence of residual
stress on fatigue failures in other (non-FOD) situations has been well established [2]. However,
fatigue failures in regions of FOD are affected by the additional factors of stress concentration,
microstructural damage, and cracks formed during the impact event. Only recently have studies
isolated residual stress effects and shown that they indeed play a major role in the observed
degradation of fatigue life [3,4]. Although coined for turbine blades, the term “foreign object
damage” i1s equally appropriate for other applications, and the interest in the resulting residual
stresses 1is also quite relevant. For example, space structures are susceptible to high-velocity impact
from debris, and residual stresses from a simulated space-structure impact event were
experimentally shown to have a drastic effect on the fatigue crack propagation rate of a defect
nucleated from the impact [5]. In the study reported in this paper of a plate penetrated by a
projectile, the residual stresses are examined because of their possible effect on the ability of armor
or a containment vessel to a) survive multiple impacts or b) to survive future service loads when the
original impact event did not cause total failure.

By using the contour method, the study described in this paper was able to generate the first
experimentally measured map of sub-surface residual stresses from FOD. The study also used a
finite element model to predict the penetration size of the crater and also predict the resulting
residual stresses. Only a few experimental measurements of the residual stresses left by foreign
object damage have been reported in the literature, such as a fairly simple test to estimate the
surface residual stresses after an impact event on an aluminum plate [5]. Recently, synchrotron X-
ray diffraction [6,7] was used to examine residual strains in the region of a dynamic impact onto a
plate of Ti-6Al-4V [8]. Although that study was the most extensive measurement to date of FOD
residual stresses, only surface stresses were measured because of experimental limitations.



Specimen

Material. The plate material tested in this study was a low carbon, copper precipitation
hardened, High-Strength Low-Alloy steel: HSLA-100. This steel is used for naval ship hulls, armor,
and containment vessels. The chemical composition is given in Table 1. The 51 mm thick plate
material was prepared by hot cross-rolling. It was Ausentized at 900 °C for 75 minutes and then
water quenched. The plate was then tempered at 660 °C for 200 minutes followed by another water
quench. Subsequent mechanical testing gave yield strengths of 690 MPa in the final rolling direction
and 685 MPa in the transverse direction, with corresponding ultimate strengths of 813 MPa and 829
MPa, respectively. A flame cut section of plate measuring 148 mm wide and 457 mm long was used
for the impact experiments described in this study.

Table 1. Chemical composition of HSLA-100 steel plate in wt-%

C Mn P S Cu Si Ni Cr Mo \ Ti Al

0.06 | 0.85 | 0.005 | 0.002 | 1.56 | 026 | 345 | 0.56 | 0.58 | 0.003 | 0.001 | 0.025

Tungsten carbide spheres with a 6.35 mm diameter were used as projectiles. The composition of
the spheres is 94% tungsten carbide with 6% of a cobalt binder

Impact. The steel was impacted normal to the plate surface by the small diameter spheres with
velocities ranging from 1.0-2.5 km/s. The projectiles were fired from a 0.50-inch caliber smooth
R bore gun after being placed in a polyethylene obturator that
was specifically designed to release the projectile during
flight. The velocity of the projectile was measured using a
pair of light screens, which was placed between the gun and
target. An angled stripper plate was located between the light
screens and target to further separate the projectile from the
obturator. The impact events were spaced a minimum of one
plate thickness (51 mm) from each other along the 457 mm
length of the test piece, see Figure 1, and both of the 457 mm
x 148 mm faces
were used for
tests. The
particular impact
event examined in
this study was a
2.2 km/sec impact.
Figure 2 shows a
cross-section  of
Figure 1. Plate used in impact experiments, : that impaCt crater.
showing multiple crates and EDM cut used Figure 2. Cross-section of impact crater. The crater was
to measure residual stress, approximately 10
mm in diameter and 12 mm deep at its center relative to the

top of the piled-up region around the crater, which is about 3.6 mm above the undeformed surface.

Cross- 51 mm
section

Residual Stress Measurement

Contour Method. The recently introduced contour method [9,10] maps residual stresses using
two experimental steps followed by an analytical step. First, the part of interest is carefully cut in
two with a precise, flat cut. The part relaxes as the cutting releases the residual stresses. The surface
of the cut, assuming the cut was made on a made on a flat plane, deforms into a shape, or contour,




which is uniquely related to the original residual stresses. Therefore, the second experimental step is
to measure the contour of the cut surface. Finally, a simple finite element analysis using Bueckner’s
Superposition Principle [11] will convert the measured surface contour back into a map of the
original residual stresses. The ability of the contour method to accurately measure a complex stress
map has been experimentally validated by comparison with neutron diffraction measurements on a
welded plate [12], and the method has proved relatively simple to use [e.g., 13].

The Cut. For this test, the plate was cut with a Mitsubishi FX-10 wire Electric Discharge
Machine (EDM) and a 150 um diameter brass wire. The test piece was cut through the center of the
penetration crater, see Figure 1, making a cut surface approximately 51 mm X 148 mm. “Skim cut”
settings, which are normally used for better precision and a finer surface finish, were used because
they also minimize any recast layer and cutting-induced stresses [14]. To prevent the cut from
deviating from the original cut plane, a fixture was constructed to clamp the specimen on both sides
of the cut during the cutting. It took almost 13 hours to complete the 148 mm long cut, but this time
poses no problem because the EDM machine can be left to run overnight.

Surface Contour Measurement. After cutting,
the plate was removed from the clamping fixture.
The contours of both cut surfaces were measured
using a MS Impact II coordinate measuring
machine (CMM), an inspection tool that uses a
touch trigger probe. A 1 mm diameter spherical
ruby tip was used on the probe. The cut surfaces
were measured on a 0.5 mm spaced grid, giving
about 29,000 points on each cut surface.

Figure 3 shows data points measured on one of
two halves after cutting. The peak-to-valley range
in the contour is about 150 um. The most striking :
feature in the contour is the large bump centered e
about 1 diameter below the impact crater. Figure 3. Surface contour measured by the Coordinate

A test cut was used to validate the assumption Measuring Machine after cutting specimen.
of a flat cut. The EDM test cut was made near the
edge of the specimen where the free surface condition would indicate that the stresses should be less
than 10% of the values expected in the central region of the specimen. The contour subsequently
measured on the test cut surface was less than 6 wm peak-to-valley, which is consistent with the
stresses expected in this region and validates the assumptions.

Stress Calculation. The residual stresses
were calculated from the measured surface
contours using a finite element (FE) model. A 3-
D model was constructed of one half of the
plate, the condition after it had been cut in two,
including the crater as a pre-existing feature.
The mesh was graded with a minimum element
size of about 1 mm, resulting in 116,980 linear
shape—function (i.e., 8 node) brick elements and
375,408 degrees of freedom. The material
behavior was isotropic elastic with an elastic
modulus of 197 GPa and Poisson’s ratio of 0.29.

In order to smooth out noise in the measured Figure 4. Finite element model after applying
surface data and to enable evaluation at arbitrary displacement boundary condition to cut surface.
locations, the data were fitted to bivariate
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Fourier series. The bivariate Fourier series fits to the measured contour data were evaluated at a grid
corresponding to the FE nodes, averaged between the two sides, and then applied as z-direction
displacement boundary conditions. Three additional displacement constraints were applied to
prevent rigid body motions. Figure 4 shows the deformed FE model. The surface stresses were then
obtained by evaluating the values of G, at the nodes of the surface elements and averaging among all
elements sharing a given surface node.

Model

The explicit finite element calculation of the dynamic impact was performed using LS-DYNA, a
commercially available Lagrangian finite element code [15]. An axisymmetric finite-element model
of the plate and sphere was crated using 4-node elements. The mesh for the ball consisted of 467
elements with an element size of approximately 0.2 mm. The mesh for the plate consisted of 22500
elements, with a graded distribution. The smallest elements, which were nearest the point of impact,
had a minimum element size of 0.4 mm.

Both materials used the elastic plastic hydrodynamic material model (Mat 10) with an Equation
of State (EOS). The rate dependent flow stress data
for the HSLA material were determined from
Hopkinson-bar testing performed at LANL [16]. The
physical properties and ultimate strength of the
spheres were based on published data [17]. Failure
strains of 0.8 and .007 were respectively defined for
the plate and sphere materials. In addition, the spall
—— Finite Element Model option was activated for the tungsten carbide. The
—= Experimental time step for the analysis was 2 nanoseconds. To
achieve a reasonable steady state in the residual

30] stresses, the calculation was continued to 52 ms. An
80t———— 1 7 11 enlarged image illustrating the experimentally
0 2 4 6 8 10 12 14 16 18 20 . . .

dist from crater center (mm) observed crater from the 2.2 km/s impact is shown in

Figure 2 and a comparison of the crater shapes
obtained from the finite element model and
experiment is shown in Figure 5.

Figure 5. Measured and calculated crater shape from
2.2 km/s impact.

Results

Figure 6 shows the map of residual stress (o;) measured by the contour method, and Figure 7 shows
the prediction from the finite element model, where the hoop stress in the axisymmetric model
corresponds with the measured o,. Good agreement between the model and the measurements is
especially evident in the region of compressive stress centered about 2 crater radii below the bottom
of the crater. The size and shape of the compressive region is similar between the prediction and the
measurement. The model predicted a peak compressive stress of 1100 MPa and the measurements
gave a value of about 900 MPa. Considering the highly nonlinear nature of the impact event and the
large range of strain rates and temperatures experienced during the impact, this agreement is
excellent. Note that the peak compressive stress significantly exceeds the yield strength of about
690 MPa because the stress is highly triaxial in this region. For the element with the peak hoop
stress of -1100 MPa, the model predicted radial stress of -696 MPa and y-stress of -896 MPa,
which, combined with non-zero shear stresses, gives a Mises stress of only 500 MPa. Individual
residual-stress components exceeding yield strength because of triaxiality has been observed
routinely, usually in tensile stress regions of welds [2].



The agreement between the prediction and the measurement is less evident in other regions of the
stress map because the test plate had initial residual stresses before the impact, and the model did
not. Examination of Figure 6 reveals a background residual stress distribution of compressive stress
near the top and bottom surfaces of the plate and tensile in the center, typical of quenching stresses.
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Figure 6. Measured residual stress map after projectile Figure 7. Residual hoop stress prediction from
penetration. axisymmetric model, shown on half of cross-section.

To evaluate the effect of initial residual stresses, a stress map was measured on some HSLA-100
plate that had not been impacted. Because it was the only piece available, a 60.75 mm thick plate
was tested using the contour method. This plate underwent the same processing and was expected to
have very similar initial residual stresses to the 51 mm thick plate used in the impact tests. Figure 8
shows the measured stress map in the thicker plate, which shows the expected quenching
distribution of residual stresses. Note that the stress map in Figure 8 does not show the same high
tensile stresses at the +x and —x edges as Figure 6 because the specimen measured for Figure 8 was
saw cut along those edges from a larger plate whereas the specimen used for Figure 6 had been
flame cut. Flame cutting, not surprisingly, produced much higher stresses.

A subsequent coarse attempt to account for the initial residual stresses proved to be surprisingly
effective at reconciling the model predictions with the measurements. Unfortunately, there is no
convenient mechanism for introducing initial residual stresses into the explicit LS-DYNA
simulation. Therefore, a correction was made to the measured stress map by subtracting off the
initial residual stresses. Such a subtraction implies the stress maps can be superimposed, which
obviously over-simplifies the highly nonlinear process. Nonetheless, the resulting stress map shown
in Figure 9 agrees remarkably well with the model prediction of Figure 7.
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Figure 8. Residual stress map in as-received plate showing Figure 9. Measured change in residual stresses from
original quenching stresses. impact event. Compare with Figure 7.

The distribution of residual stresses in the as-received plate may be useful for other applications
of HSLA-100 steel. The specification for this material does not allow thermal stress relief [18]
because of potential loss of strength. Therefore, such quenching stresses can be expected for all uses
of this material. Away from the edges, the stress distribution in Figure 8 is primarily a 1-D through-
thickness variation. Figure 10 plots the through-thickness stresses for the stress map in Figure 8,



excluding data within 30 mm of the edges. A symmetric fit of the data gives a good estimation of
the stresses to within an uncertainty of about £20 MPa. The fit is given by the equation

c/S, =0.29-0.965> =3.3715" +11.5685° —12.1795° +4.4555 ",

where the through-thickness variable y is normalized to go from —1 to +1 through the thickness of
the plate and S, is 690 MPa.

Conclusions

1. The complex cross-sectional residual-stress map in a penetrated plate was measured using the
contour method. The stress map probably could not have been measured with any other technique
[19]. For example, measuring a comparable stress map with neutron diffraction would not have
been practical because of the 51 mm thickness of the plate. . o F oo o y

2. The impact produced a region of compressive residual - - : - -
stress exceeding the material’s yield strength, located about |
two crater radii below the crater floor, balanced by a region
of tensile stresses located farther from the crater. The
tensile stresses would be of special concern for subsequent
material failures, especially because the tensile region

reaches to the part surface, a likely area for crack initiation.
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3. The explicit finite-element model gave reasonable S o s secton map
agreement with the measurements but over-predicted the ol . — ; . 0
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depth of penetration and the residual-stress magnitudes. Through-thickness position, y (mm)

4. The m0d§l predlctlons' could probably be improved if . gure 10 Through-thickness variation of
the initial residual stresses in the plate were accounted for.  (egidual stresses in as-received HSLA-100
plate.
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