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ABSTRACT
Effect of Residual Stress on Stress Corrosion Cracking in Maraging Steel Blades
By
Alexander Kass
Maraging Steel blades are employed for the attenuation of Earth’s vibrational

motion in the VIRGO and LIGO interferometers. In VIRGO many units failed
catastrophically after exposure to environmental air. Stress corrosion cracking is
determined upon inspection. Notably, the failed units were ground to final thickness,
which removed a layer likely under compression stress, and/or were resolubilized which
has a similar effect. Blades that were made of untreated, cold rolled sheets are largely
immune from this failure, despite coming from the same source. This thesis will attempt
to confirm using X-Ray Diffraction and theory that the residual stress from cold rolling
retards the progress of crack formation and propagation and that Stress Corrosion
Cracking was inhibited in some blades by the layer of residual stress left by the cold
rolling process. This knowledge will allow production of safer blades in the future.
Diffraction measurements yielded confirmation that a compressive layer exists on the
surface of the cold rolled blades, with a stress value of approximately -300MPa. This
result was confirmed by comparing samples to maraging steel blades first ground to

eliminate the surface layer, then manually cold rolled and finally precipitation hardened.
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CHAPTER 1

Introduction

Maraging Steel blades are currently being employed in all gravitational wave

detectors; an example is shown in figure 1 [1].

Figure 1. Crack turns into a complete fracture in a
Maraging Steel Blade which has penetrated through
the thickness of the steel. SCC is suspected.

They operate as cantilever beams, circularly arranged into a filter, under a
bending moment, supporting a heavily weighted wire. Unfortunately, in VIRGO several
of the blades within these filters catastrophically failed during maintenance, cracking
through the thickness of the blade; this cost the collaboration precious operation time and
money. The exact cause of failure was not immediately apparent, but a close inspection
suggested Stress Corrosion Cracking (SCC) [2]. Researchers involved with this project
noticed:

e The breakages occurred within weeks after the inside of the superattenuator tower

was accidentally exposed to environmental humidity.



e The blades were not all identical; those that broke were typically either
resolubilized or of a ground-to-thickness type. All blades were made with
material supplied by Aubert Duval.

e The cracks were almost entirely mode 1 type and intergranular.

Scientists in all Gravitational Wave Detectors need to make certain that such
accidents cannot happen in the future; thus, new blades which possess greater durability
against SCC, or a strategy to avoid SCC failure are necessary. A likely explanation is
that the maraging steel blades that were cold rolled did not break because of a mechanical
or chemical difference they possessed from the ground-to-thickness units; residual stress
is a reasonable explanation. This rationalization suggests that cold-rolling-induced
plastic deformation, which results in a net, static compressional stress on the outer faces
of sheet metal, may cause the better durability of some blades [3].

This residual surface compression will have the effect of neutralizing tensile
stress experienced when loaded, that would otherwise cause SCC [3]. Particularly due to
the manner that these blades are operated (bending), the residual stress will superpose on
the regions of highest tensional stress during bending operation, on the upper surface. In
this region, mode 1 cracking initiates and in the case high strength steel, quickly
propagates to catastrophic failure [3]. This author asserts that residual compressional
stress in maraging steel blades may be the agent that inhibits stress corrosion cracking. A
variety of methods were employed to prove that the cold rolled blades did possess a
residual stress while the ground-to-thickness units did not. If proven true, this will
further suggest the possibility that residual stress from cold rolling inhibits SCC in

Maraging Steel.



1.1 Virgo Gravitational Wave Observatory
To put the blade failure into context, consider the apparatus that employs it.
Dozens of such maraging steel blades are instrumental in supporting the optomechanical
assembly inside of the Laser Interferometer Gravitational-Wave Observatory, VIRGO, as

elements in seismic attenuation [1]. The most catastrophic failures happened in VIRGO

[2].

Figure 2. VIRGO. Pisa, Italy. [47]

VIRGO is a massive Michaelson interferometer located in Pisa, Italy, which
measures contractions in space caused by the propagation of gravitational waves. Along
with two other similar interferometers in the US, detections of no less than 6
astronomical merging events, 5 black hole pairs, and 1 neutron star pair have been made
[4].

The physical wave passing through earth is extremely small, with wavelengths on

the order AL = 10~°nm, roughly ﬁ the size of a proton [5] in a km sized detector.

To detect these tiny gravitational waves, however, the Michaelson must satisfy

strict design requirements. The light passing between the two paths recombine and



produce an interference pattern on the light detector which depends on the phase
difference A¢ between the arms. The phase difference A¢ can then be used to determine

AL generated by a gravitational wave.

ap =22l
?=7

The actual measurement of these interference patterns is done with digital electronics that
measure intensity and perform post processing as well. Sensitivity of such a system must
be extremely small to allow for measurements of tiny AL. Letting h be the sensitivity, it

is approximated by [6]:

h~T

and enforces the requirement that L, the interferometer optical path length, be very long.
While noise is omnipresent in the system from a variety of sources, physical
vibrations of the earth due to seismic activity are quite dangerous and of interest in this
case; their net effect on operation is a reduction in range for detection [1]. For this
reason, a sophisticated and large isolation system is necessary to keep vibration
amplitudes of all optomechanical components, such as the mirrors, smaller than AL, 10
nm [1]. Ultimately the solution decided upon was to isolate the mirror by suspending it
from a steel wire and cantilever blades in what is aptly called a “superattenuator”; the

Virgo design’s rough drawing is shown in figure 3 [1].
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Figure 3. Drawing of the VIRGO superattenuator tower

The required attenuation would arise from a chain of several filters, like the setup
in figure 3, attached to the structure on the outside. Each filter is made of several
maraging steel blades in a circle, attached to a wire suspending another. The blades are
bent down in cantilever fashion; these units support the weight of the mirror test mass.

1.2 Maraging Steel

Maraging Steel is a carbon-free, high strength iron alloy very well suited to tough
tasks and heavy loads, such as in airplane landing gears and weaponry. Therefore, it is
also a very reasonable choice for the high stress in seismic attenuation systems. The
name derives from a mixture of “Martensite”, an iron crystal lattice (o’-Fe), and “Aging”

also known as precipitation hardening [7].



Figure 4. A prototype filter made up of 8 maraging steel
blades.

Maraging is manufactured by a series of steps to first produce a Martensite alloy
lattice (a’-Fe) during cooling; before being aged at a certain temperature (400-500°C),
typically [7]. The process is of course not so simple; after the initial melt, cooling is done
rapidly to force the initially occurring Austenite (y-Fe) Face Centered Cubic (FCC) lattice
to undergo a phase change into a Body Centered Tetragonal (BCT) martensite. As will
be discussed later, this Tetragonal geometry is very similar to BCC (a-Fe) ferrite and in
this case can be assumed as equal, because carbon % is very low [7].

The liquid metal will have nucleation points during cooling, from where separate,
uncoordinated lattices will grow. A single crystal metal is unattainable in relevant sizes
and quantities, and instead many separate crystals grow into each other wherein the entire
piece becomes solid. These separate crystals, or “grains,” are not oriented along a

common reference frame but together compose a polycrystalline solid [7].



Figure 5. Maraging Steel at high magnification [8]

1.2.1 Precipitation Hardening

The properties of maraging steel arise from its martensite lattice, as well as the
alloying elements it contains and their response to aging. When the metal is heated to
temperatures of ~ 400-500°C, the nickel and other alloy components can precipitate
within the iron lattice forming billions of nanometric scale structures peppering each
grain, in sizes of tens of microns or less [9].

The recipe for the Marval18 Maraging Steel used in Virgo are shows in table 1
[10]. This is a relatively common makeup for maraging steel and provides an
approximate reference point for comparing to other maraging steels in literature. This

alloy is approximately analogous to (18Ni) Maraging 250 [11].

Annealed During Underaged Optimal Overaged
Precipitation

Figure 6. General mechanism of aging, to no scale.



Table 1

Chemical Composition of Marvall8 Maraging Steel as Prescribed by the Aubert Duval Specification Sheet.
Key Points are that Maraging is a Carbon-free Alloy, that Nickel, Cobalt, and Molybdenum are the Metals
that will form Precipitates, while Titanium acts as a Precipitation Seed.

Alloying Element % (by Mass)
Carbon 0.03

Nickel 18.00

Cobalt 8.00
Molybdenum 5.00
Titanium 0.50

A substantial amount of work has already gone into understanding the
precipitation process, such as its reaction rate, it’s products, and the variables it affects.
The aging process throughout time is shown conceptually in figure 6 [12].

The presence of precipitates inhibits dislocation motion at grain boundaries,
lowering ductility and increasing tensile strength and fracture resistance substantially
[12]. The chemical properties of precipitates are not necessary for continuing this
research further.

The change in properties from the precipitation process is immense and causes
maraging steel to be much more of a useful material than unaged martensite alloys. After
aging, ultimate tensile strength, and elasticity are all changed, as shown in figure 7 [13].
For example, the described Marval-18 Maraging Steel used in VIRGO has a listed .2%
yield strength of only 1080MPa before aging, only 60% of its value afterwards, 1786MPa

[10].
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Figure 7. 18Ni Steel strain before and after aging. The net
stress before yielding is nearly doubled, hardness increases, and
the fractures becomes more pronounced [13].

Aging has some additional effects which may alter XRD results. During aging, a
little Austenite (y-Fe) reversion will also take place, particularly if typical aging durations
are exceeded. Farooque et al. found that after 100 hours of heating at 485C, that nearly
20% of the lattice martensite irreversibly reverted to austenite in a maraging steel 350
[14]. In the much colder context, after 100 hours of aging at 435°C, the precipitation
process used for cantilever blades, only traces of Austenite are formed. As precipitates
form during aging, a change is experienced in the concentration of alloy components
within the martensite matrix. This can lead to a small change in the lattice constants of
the martensite and be observed with XRD [15].

Aging is done during the manufacture, however to validate some results, samples
are deliberately overaged. In the laboratory we use, a small DIY oven (figure 8) able to
reach temperatures sufficient for precipitation hardening is utilized. While further aging

steel samples which are already optimally aged accomplishes nothing, it will prove



useful to confirm that the observed differences in XRD are from residual stress and not
from Austenite formation. This is based on the observation that relaxation of residual

stresses ought not occur beneath resolubilization temperatures. ~ 580°C [3].

Figure 8. A small oven linked to an
argon tank. Samples are baked in a
closed container sealed with thermal
putty to keep the hot metal samples
surrounded by an inert gas.

1.3 Corrosion of Maraging Steel

Corrosion is the destruction of a metal solid by chemical reaction through a series
of Redox and often acid-base steps. This causes the metal to lose atoms to the production
of an unwanted byproduct [16]. A significant amount of literature exists which describes
the corrosion process of Maraging Steel already. Because it is an alloy, corrosion
considerations apply to the basic a’-Fe lattice, as well as all the other elements which
exist in maraging steel, largely as precipitates. For corrosion to take place, however,
several reagents must be present; such as molecules in outdoor air at STP [16].

In the case of interest, with maraging steel blades under tension, the problem is

exacerbated by small cracks. In crack tips which act as stress and strain concentrations,

10



the electrons bonding atoms are more energetic if strained [17]. This has the effect of
reducing the energy potential barrier in the oxidation step for iron.
Fe(s) » Fe?*(aq) + 2e~

The electrons ultimately find a compound to reduce, which can be take many
reactions. In the case of maraging steel, hydrogen evolution is typically the main reaction
[2].

2H* + 2e™ - H,(g)

The hydrogen gas remains trapped inside maraging steel. Typically, the net result
of the oxidation reaction will be fine, dark products containing the metal ions loosely
attached to the surface. This thin layer of oxides will form on the surface until that layer
passivates the metal from the corrosive environment; at this point the reaction slows to a
negligible rate [16]. Under tensional stress, however, the corrosion reactions can proceed
inside the cracks where water molecules can reach stressed metal, where the potential
barrier in the oxidation step is lower. Thus, the rate of reaction increases according to
Arrhenius’ equation [17,18]. Understanding the full chemical reaction kinetics are not
vital to the mechanism by which residual stress can improve the resistance of maraging
steel to SCC.

1.4 The Mechanics of Solid Deformation

The distribution of stress and strain are necessary to describe SCC in bending

blades. In general, strain in an arbitrary direction is denoted by & and defined as

Al

€=E

And stress, a, is a force per area through the material with units of pressure (typically

MPa). By convention positive stress is tension and negative stress is compression [19].

11



Both stress and strain are second rank tensors which operate on a fixed coordinate
system to convey forces in every direction as well as shear factors which represent
torques. It applies to an infinitesimal point inside the solid and is often quite different in
different areas of the solid, depending on shape and loading.

011 012 013
0 = |021 022 O33
031 032 033

Which is analogous to the stress state seen in figure 9.

O

Xs

Figure 9. Stress tensor for a point. To keep a
consistent frame of reference, X, y, and z are typically
taken to be laboratory coordinates, or the edges of a
rectangular solid. 1, 2, 3 are the directions of the
principal planes and are typically solvable if the
loading is known [20]

Fortunately, an easier treatment is attained by solving the eigenvalue problem for
primary stresses, or “eigenstrains”. The assumption here is that because the stress matrix

is symmetric, that 3 eigenvalues of stress can be determined for a new coordinate system.

12



This has the effect of reorienting the stress tensor in the direction of the eigenvectors (7; )

and diagonalizes the problem to a simpler expression [19].

3 og 0 O
G=Zaiﬁ,-®ﬁi= [0 o) o]
k=1 0 0 o3

In the case that all three primary stresses are equal, the stress state is isotropic,
spherically symmetric, and torqueless. For a case of bending, the three principal
directions are easy to define for any point; one is the surface normal, one is along the
bending axis and roughly equal to zero, and one in the bending direction which the
highest value. Describing the strain response of the metal while undergoing loading and
strain is complicated and depends on the material composition heavily. With no loss of
generality, the strain tensor is related to a stress by

o= Ce
And the term C is now introduced, referred to as material stiffness. Unfortunately, the
requirement to relate two second rate tensors is a fourth rank tensor, with 81 terms.
Symmetry in stress and strain tensors reduces the number of unique values to 36.
Describing the entirety of this tensor is beyond the scope of this thesis, though lots of
information is available in textbooks on material compliance.

The Poisson ratio, v, relates the deformation in one direction, to resultant strain on
the other directions in isotropic, linearly elastic materials [19]. In general, positive strain
is stretching, and negative strain is compression; the same convention as stress. A unit
cube aligned with the principal stresses will response to a compression in 1 with
expansion in 2 and 3.

(1 + 61)_v == 1 - 62,3

13



But often the relation is conveniently approximated for small strains.
&y = &3 = —U&
This does result in a small change in the volume of the unit as well, albeit negligible in
this case. In the ideal cases where forces are axial in a single direction, the Young’s
Modulus describes the action [19].
o; = E¢;

1.4.1 Bending Mechanics

The maraging steel blades operate as cantilever beams, supported at an initial
angle of ~ 45° with a vertical downward force at the tip [1]. The load experienced by the

blade is static. Coordinate systems are defined in figure 10.

Figure 10. Coordinate system for bending

Predicting the displacement of a beam from bending requires solving the elastic
curve equation, a second order ODE [19]. The beams for this chapter are given the
coordinate system that is defined by figure 10. Bending is about the y axis, with

displacement in z.

14



d*z _My()
dx? EIl

Which will yield an equation of z(x), the downward (2) displacement of the beam as a
function of it’s x coordinate. Bending can place different distributions of stress and strain
inside materials, and how the load is applied, as well as the support points (boundary
conditions to the ODE) determine the distribution. The case of pure bending is
convenient, and applicable for reasons that will become clear.

After the equation is integrated, assuming the bending moment, M,, (x) is known,
it is possible to solve for strain using geometry from z(x). From the picture, strain will
be directed along the x direction. None is expected in y or Z, and the magnitude of strain
will depend on the distance from the neutral axis, z. Solving the pure bending case where

M,,(x) = const yields the case in figure 11.

Figure 11. Calculation of strain in a pure bending beam

15



Before bending, the length in X of an infinitesimal beam segment is constant
throughout the width and height of the beam; this length is denoted AB before bending,

and then length AB’ after loading. Referring to the picture, arclength

AB' = (R—y)8
And since the neutral axis has not elongated anywhere,
AB = RO

Then the tangent strain is given by
(2) = = 4B
Eap(2) = ——
AB P)
And the stress is
@) zE iB
g, zZ) = ——
AB P)
p is the bending radius. This result is precisely what was expected: that stress increases

linearly to the surfaces of the beam. At the outer faces, z = % and it corresponds to the

maxima of compression and tension, respectively (fig 12).

Negative strain

{compression) Compressive stress
M = = M
A 4]
A
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_______________ 1
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—] A—
S|

Positive strain Tensile stress /
(tension)

Figure 12. Linear increase in stress against height z of a beam [21]
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Figure 13 is a demonstration of stress in a pure bending specimen, as generated
through FEM simulations. It too demonstrates a uniformity of stress state along x and vy,

with the linear dependency in z. The color scale shows stress in the o, direction only.
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Figure 13. FEM Simulation of an alloy steel strip under pure bending. Results show stress in the
x (lengthwise) direction. Units can be considered arbitrary.

The findings in this thesis apply to any region of bending where a tensile mode 1
force overlaps with the residual stress. Cracking will simply occur at the region of
maximum tensional stress.

1.4.2 Fracture Mechanics

Focus was paid to the a,, because that force is responsible for the breakage of the
maraging steel blades. Figure 14 shows the three modes of cracking which can occur,
however since all maraging steel blade failure cases were mode 1, that will remain the

sole focus. This makes sense given how the loading leads exclusively to X tension with

little to no shear [19].
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Mode | Mode Il Mode Il

Figure 14. Three modes of cracking. Mode 1 arises
from tension, modes 2 and 3 are caused by shear
forces.

Previous sections made no mention of breakage or the plastic limit. All blades
only operate within the elastic range of the material, where stress and strain are related
linearly by Young’s Modulus, E [20]. However, all materials have a limit after which the
applied stress causes the units to deform plastically. This is the case where a paperclip,
bent by hand, does not return to its original shape; maraging steel blades exhibit little of
this behavior in the elastic region but then yields smoothly when the plastic regime is
exceeded [22].

The stress intensity factor K is typically used to describe the state of stress

concentration directly beneath a crack, where propagation will continue.

K;
Oxx(2) = \/?nz

Clearly this function is asymptotically infinite at z = 0, which is at the crack tip, and falls

£ij(6)

off in every direction. It by no means represents the true stress state in the solid because
plasticity happens near the crack’s tip to limit stress; however, it, serves a purpose in
comparing different geometries and serving as a reference [21]. Predicting K in an actual
sample, depends heavily on the geometry of the beam in consideration and the
microscopic stress distribution; this is typically not feasible and not necessary for this

thesis. For the case of pure bending, however, derivations have existed for some time
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and provided the basis for figure 15, which shows the stress beneath a crack. For cracks

of depth a with a total depth w the function is defined the following expression [23].

Klzo-maxmxf( )

a
w
Where f(a/w) is a geometrical factor and can be looked up in tables such as [23].

Stress vs Depth Beneath a Crack

el

Stress

(surface
stress 3t
units)

a/w=0.001

0.1 0.2 0.3 0.4 0.5 0.6

Absolute Depth (%), units of w

Figure 15. Stress distributions beneath a crack tip in pure bending. a/w is the percentage of the thickness
that the crack has achieved.

When K|, the I standing for mode 1 and C denoting criticality is exceeded by K;,
the load stress intensity factor, then the crack velocity increases logarithmically, and the
failure time is dramatically shortened.

K, > K¢
K, is also difficult to estimate with theory, however many measurements exist already
for steels. As cracks propagate through the blade, the remaining thickness of material is

reduced, and this places a higher stress at the crack tip; thereby having the effect of
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raising K; in the metal in a positive feedback loop. For high strength steels, this process
happens very quickly and therefore a “snapping” kind of break is typically observed with
no evident plastic behavior at all. Snapping never happens in maraging steel because it
becomes super-plastic as soon as its elastic limit is achieved.

1.4.3 Stress Corrosion Cracking in Maraging Steel

Figure 16. A mode 1 fracture in a maraging steel blade

Stress corrosion cracking in maraging steel is a similar phenomenon; however, the
process is aided by corrosion reactions with water molecules taking place at the crack
tips. A new, lower, stress intensity parameter K;qqc is introduced which works
identically with the brittle fracture parameter [17]. That is, logarithmic crack propagation
acceleration is observed when

K; > Kisce

Note that K;scc < K;¢ and that corrosion resistant metals tend to have very similar
values for those two parameters K;scc = K;c. Very susceptible materials have
significantly different values K;scc < K;¢, and require careful utilization. Predicting
K;scc from theory and conditions is extremely difficult to do, and values are almost
always measured with experimentation [17]. The key point is that in Maraging, K;scc

strongly depends on the availability of water molecules.
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Figure 17. Crack velocity for stress intensity factors in three SCC behaviors. [17]

From literature, typical K;sc- values for maraging steel 250 were in the range of
15-30 with the higher strength steels being even more susceptible [17]. An
approximation to determine the depth of a crack in which the stress is sufficient to reach

Kiscc; is defined in [17]

U.Zy 2
=2 ( )
or Kisce

This formula yields a theoretical critical crack depth of 1.42um for a maraging
steel with Kiscc = 15; this is a worst-case scenario. In an optimistic context, a Kiscc = 30
suggests a critical crack depth of 5.68um. If the compressive residual stress neutralizing
the bending stress the cold rolled blades penetrates at least to these depths the material
becomes stress corrosion resistant.

The energy levels of the metallic bonds at the crack tip, which participate in the
corrosion reaction, are increased by the presence of strain. As a result, the energy barrier

for the oxidation step is reduced and the reaction rate for the corrosion reaction
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accelerates. According to Hooke’s Law, the energy stored by stretching is proportional
to displacement squared, and this is why stress corrosion is more dangerous than cases in
vacuum [17].
AE ~ &2

When the blades are loaded, if the residual stress is neutralizing part of the load
stress at the crack tip, the corrosion rate is reduced an amount proportional to the square
of the change in strain, which can be quite significant.

1.5 Residual Stress

Residual Stress is one of the more intuitive topics covered in this thesis, defined
as the stress a,.. Which exists in a stationary solid, even when the metal is not externally
loaded [19].

The profile of these stresses can be manipulated and controlled for beneficial use
depending on how they are created; naturally a great deal of information and literature is
available on the subject [3]. Among these are methods are quenching, etching, peening,

and cold rolling, which is shown in figure 18.

Figure 18. A commercial cold roller in a steel factory [25].
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This experiment concerns itself with the residual stress in cold rolling process;
thin sheets of metal are repeatedly squeezed between rotating drums, until the thickness
of the metal is permanently reduced by plastic deformation, like figure 19. This squeezes
together the grains on one scale and breaks them, but also permanently compresses
adjacent atoms within the grains to produce a strain field [26]. The atomic bonds end up
permanently deformed especially at the surface where the deforming forces are applied,
leaving some strain &,..¢, and a corresponding residual stress in the restoring force
direction. Often the crystal grains are also beneficially affected being reoriented into a
more favorable configuration for mechanical use [3]. Hardness, surface smoothness, and
tensile strength are increased as a result, though it comes at the expense of ductility [3],

but this is not relevant here.

Cold Rolling Hot Rolling

Figure 19. Differences in crystal grain orientation between hot and cold
rolling. Hot rolling allows crystals to reform after they are compressed,
leaving little or no residual stress.

For cold rolling the tendency is clear: outer faces of the steel carry a compressive

residual stress while the center is under tension [3,27]. The depth stress profile in a solid
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material is difficult to determine non-destructively; and can vary significantly depending
on small changes to input parameters. Similarly, to predict the stress profile leftover after
a cold rolling operation requires a lot of information about that manufacturing process
[27]. Figure 20 shows an arbitrary residual stress which represents the general trend that
surface compression is high near the surface, while in the middle is a larger thickness of
lower amplitude tension.
1.5.1 Measuring Surface Residual Stress Using X-Ray Diffraction

X-Ray diffraction is a relatively simple, non-destructive technique to measure the
residual stress at the surface of a solid sample, and this may be sufficient to prove the
existence of compressive residual stress in the cold rolled samples [28]. Therefore, this

technique can be useful in trying to predict a metals possible corrosion resistance.
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Figure 20. Sum of mode 1 stress vs depth in a cantilever beam subject to a
bending moment M. The straight line is the stress profile on a blade that has no
internal stresses before loading. The dark line is the residual stress profile
typical of a cold-rolled blade, the dotted line is the stress profile of a cold-rolled
blade subject to a bending momentum load. Note how the stress corrosion
inducing tensional stress at the upper surface is nulled, thus inhibiting initiation
of crack propagation.
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1.5.2 Stress in a cold-rolled metal sheet

Newtons laws dictate that the sum of forces acting on a body describe its
consequent motion. This also applies to elements within stress tensors of a common
coordinate system inside a body [40], neglecting cases of hysteresis.

Onet = Ores T 0,

Figure 20 shows the biaxial stress in the bending direction of a pure bending unit;
as the sum of load and residual stress. At the top surface, under greatest tension from
bending, the net stress is zero due to the residual stress.

Ideally, the profile of samples can be measured through the entire thickness,
though this is often not possible. Note that the only region of real importance is the upper
surface where cracks initiate, since critical crack depth is very short and the center and
bottom faces experience little or no tension required for mode 1 cracking.

1.5.3 Cold Rolling in the lab
To produce cold rolling for validations, a laboratory cold rolling machine is

utilized, as shown in figure 21.

Figure 21. A small, table
mounted hand-crank rolling
machine
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These samples are referred to as Lab-Rolled (LR), though the effect is still cold
rolling. Industrial cold rolling is often done at several hundred °C [3], so while it is still
cold relative to “hot” rolling, the effect from room temperature rolling in lab may be
somewhat different. The lab roller is more uniform in applied force than commercial
rolling machines but produces smaller “broken” crystals, due to the lower ductility at
lower temperature. It is expected to be effective in imparting a compressive residual
stress in maraging steel strips but perhaps with different XRD behavior than commercial
cold-rolling, due to the temperature difference [3].

1.6 Crystal Structure of Martensite

The crystalline nature of martensite has already been mentioned, though not
sufficiently to discuss the measurements of surface residual stress. Consider figure 23
showing three basic “cell” geometries which can form inside crystallizing matter. These
unit cells repeat in every direction up until grain boundaries and comprise most of the
solid alloy [7]. These crystals are by no means perfect; in addition to grain boundaries,
within each grain are imperfections, dislocations, voids, and especially precipitates,
which affect the mechanical properties. Most room temperature irons exist in the FCC,
austenite phase, or with carbon in the lattice forming FesC; Maraging steel is a Body

Centered Tetragonal (BCT) lattice [7].

Figure 22. Lattice Geometries. Martensite is approximately a bcc crystal.
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Martensite is made by rapid cooling once below a threshold temperature, often
with water, which forces a transformation from FCC to BCT [7]. These lattices are
defined by the Bravais Vectors below in table 2. While the true description of Martensite
is BCT, it is very similar to BCC geometry with one-dimension c slightly longer than the

others, a. An approximate equation for the ratio of lengths is given by [29]
c
a =1+ 0.045 x (%Carbon)

Which in this case for maraging steel with a maximum of .03% carbon suggests that ¢ =
1.00135a. This figure is negligible in Maraging and can be assumed unity, having a

minimal effect on results.

Table 2

Bravais Lattice Vectors for FCC and BCC Geometry Crystals.

R) = nlal + nzaz + n3d)3 B (Tl = 1,2,3 ) ; {l, j, k}
BCC FCC
a . . a . .
a, = S (=i+j+k a, = S(+))
a ,. . a ,.
a=S(@{+j+k a,=5G+k
az= - (=i—j+k a; = ~(i+k)

As the metal is stretched or worked in a direction, the exact spacing between the
atoms in any direction, a; may be increased or decreased, requiring energy. A restoring
force in the opposite direction is created; if these displacements exist in a stationary
object then its residual stress [3]. The restoring force is proportional to the displacement,

typically known as Hooke’s Law; in such a treatment for iron the above stiffness constant
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is approximately ks ~ 47.0 N/m [30,31]. If enough energy is applied, the bonds can

outright break releasing energy. Figure 24 shows the bond energy against bond length

for iron in a BCC crystal, as an example [31].
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Figure 23. Bond stretching energy approximates for Iron and Tungsten in BCC geometry. [31]
1.6.1 Miller Indices
Crystals can be rotated in any angle to view new planes facing parallel to a
reference surface. These planes repeat with a regular frequency with a specific separation

and are typically described by Miller Indices. A near-infinite number of such planes exist

in a sufficiently large crystal. Three combined integers define a plane normal to the

h
vector H By rearranging the values of h, k, and I, two identical planes are produced in
!

90° rotations; hence physics of 110 is typically treated as identical to 101 and 011 in

cubic cases [32].
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Figure 24. Crystal lattice planes in cubic geometry defined by
the three miller indices.

1.7 X-Ray Diffraction
X-ray diffraction is a non-destructive method to measure lattice spacings near the
surface of crystalline solids by utilizing the scattering of high energy radiation [33]. An
X-ray source, Cu for these experiments, illuminates the sample with a beam. Much of the
intensity undergoes specular reflection from the surface, reflecting off at the same angle
as the incoming rays. A small amount enters the metal, scattering off atoms and a smaller

amount still will exit at an appropriate angle to reach the detector [33].

) P BRAGG'S LAW r
5 \ nA = 2dsin0 2

]

Figure 25. Bragg diffraction with X-Rays
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All rays that exit from beneath the surface interfere constructively between planes
only if the incoming and outgoing angles are such that the net path difference is an
integer wave [33,34]. This is known as Bragg diffraction.

nd = 2dp; Sin 0
A is the wavelength of the beam, and n is called order of interference and for the sake of
this paper limited to cases of 1 because higher terms do not appear in the available
hardware. The geometry of a cubic crystal is simple, and with the assumption of a bcc

crystal the spacing can be determined by

a

W= TR
if necessary [38].

Scanning is done over a range of input and output angles to find those that
produce constructive interference. The source and detector are angle-synchronized in the
used diffractometer, a Bruker D2 Phaser (figure 26), primarily intended for powder
samples. It is equally good for polycrystalline materials, which are effectively a sintered

powder of crystals [34].

Figure 26. The Bruker D2 phaser
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Detection is plotted against the deflection angle 26 to extract the diffraction
information from the intensity peaks; this is the data of interest.

Not all crystal planes will lead to constructive interference; the bcc lattice is
limited to cases where the sum of the miller indices is an even number. For this reason,
the maraging steel which is primarily iron, will only form peaks for (200), (110), (211),
(220), etc. [35]. Planes with a larger sum of Miller indices are more difficult to detect. A

hypothetical XRD pattern is shown in figure 27.
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Figure 27. Sample XRD result for ferrite in a system using a Cu source.

The strain on one grain is assumed to be equal to the strain on other grains even if
they are not individually measured. For a single piece of metal, billions of crystals in
every orientation exist, and on any given surface all crystal orientations will be present;
only a small fraction are aligned to participate to the measurements. Therefore, if the
beam size from the x-ray source is sufficiently large, all possible planes can be

considered to comprise the illuminated area and participate in diffraction [33].
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Figure 28. Pole Map of Maraging Steel [36]

1.7.1 Measurement Samples

The maraging steel samples are thin planes, cut into units roughly the size of a US
quarter; though flat, no noticeable features are visible on the surface to suggest any
preferred direction from rolling. Grinding direction is visible on the ground pieces,
which could be used as a reference, though was never necessary and had no effect on the
stress state. The necessary first assumption is to take the state near the surface of interest
to be in a planar stress situation where the surface normal stress is zero (o, = o3 = 0),
and thus merely biaxial in the other two; the normal strain however is still nonzero

(€43 # 0) due to the Poisson module. The perpendicular (biaxial) coordinates abide by

the convention that (g, > g;) [33].
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Figure 29. Two ground-to-thickness samples.

1.7.2 Determination of residual stress with XRD

If a metal undergoes compression or experiences any strain that affects the
interplanar spacing dyy;, it can be measured with XRD. The expectation for this
experiment is that the surface-normal planes are squeezed together from cold rolling,
which will cause an increase in the corresponding angle 26. Because of the linearity of
Young’s Modulus, this also makes predicting stress simple. This method for the
determination of biaxial stress is the same as outlined in the NPL Determination of
Residual Stresses by X-Ray Diffraction Issue 2 [33]. The methods described there,

however, were originally performed and derived by Lester and Aborn in 1925 [37].

The strain which is measured is defined as g,

O3

&

A y=0, &5, ca.A
1 dd 1
1

By = 90

Principal Axes of Strain

Principal Stresses, corresponding strains and
stress direction of interest

Figure 30. Coordinate system for determination of residual stress.
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The previous section described ways that x-ray diffraction measures crystal plane
spacing normal to a reference. In this system, we are using the 110 planes normal to the
surface, measured with Bragg diffraction. The relaxed value of this spacing is not known
and this will present a critical problem for the experiment later. Since normal stress and
strain are not the figures of interest, ways to relate this to the biaxial stress are necessary.

Since the Bruker D2 powder diffractometer only measures surface normal strain,
the longitudinal strain needs to be calculated. The constitutive relations approximately

describe the force-reaction to the metal [33].

&1 = (3) * o2 ~v(oz + 02)

E

2= (5) o2~ v(o1 + 02)
1

&5 = (3) * los = v(or + )]

Since the normal stress a5 at the surface is taken to be zero, the stress is planar
and the third equation reduces conveniently to
v(oy + 0,) = —Eé&;
No further information is known about the biaxial stress aside from the magnitude

of their sum. If the two are assumed to be equal, the residual stress is predicted from the

X-Ray measurement. Just as easily, one can estimate the ratio & = ? if enough
2

information about the manufacturing process is available. No reliable source had a
consistent answer for cold rolling of maraging steel, though a recent experiment yielded
& =1.25ina Ti-6Al-4V alloy [38]; most likely this property can be engineered for
different use cases. For shot peening, this value is typically near unity [3]. Often,

however, maraging steel is rolled in crossed directions; the Aubert Duval cold rolling
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process is not fully known at present. Therefore, & = 1 is assumed for the results in this
research.

To experimentally determine the complete stress states in the surface tangent
directions, controlled tilting and rotating of the sample (or reference plane of the source
and detector) would be necessary in y and ¢ respectively. If o; = 0 then at any
orientation of the sample in those angles, the measured strain is defined in terms of the
principal stresses with the following equation [33].

_ Adqﬂp _ 1+v
Epo = dO,ljJ(p T E

v
(01 cos? ¢ + o, sin? ¢) sin? Y — A (01 + 03)

And rearranging terms yields

E dy —d,
% = 1 — ) sin2
(1 —=v)sin?y d,

The Bruker diffractometer does not enable azimuthal tilt in . Only planes

normal to the sample surface could be measured and thus neither s nor ¢ are significant

for any calculations [33].

Figure 31. X-Ray diffraction measurements for different angles of {s, @
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A peak broadening effect is expected in samples that are cold rolled; this behavior
is described by the Scherrer equation. Quantification of crystallite size t is done by
studying the FWHM of a peak, B, while K is a shape factor generally assumed as unity
[33].

KA
"= Bcosd

Wider peaks are due to the smaller size of crystal elements, and more of them
participating in the diffraction. A pole map of the surface in a cold rolled maraging steel

sample effect is shown in figure 32, which should produce consecutively wider peaks.

[100] 11

001 101

Figure 32. Crystal and fracturing orientation map for a Fe-Cr-Ni-Mo-Ti maraging steel after thickness
reduction of: a. 0% b. 15% c. 30% d. 45% e. 60%. Smaller crystals result in a wider response in the
X-Ray spectrometer signal [39]
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CHAPTER 2

Results

Data collection began in Fall of 2017 using the Bruker D2 Phaser powder
diffractometer. Dozens of Maraging Steel samples were available in 1x20x80mm strips
for ground-to-thickness type, and 2.2x20x80mm for factory cold rolled units; several
were pre-cut to match the x-ray diffractometer holder standards. Unless specified, all
results are taken with the sample being automatically rotated in ¢ throughout scanning;
this should not affect measurements of &, because of the polycrystalline structure of the
samples and increases the robustness of the measurement. The parameters of the x-ray
diffraction were that of using a 3mm screen to prevent unwanted noise, using 1.2s/div

integration times, and an angular resolution of A@ = 0.01°. The source was Cu with a

crystal selected wavelength of 1 = 1.542A.
2.1 Initial Comparison

The first scan shows the full diffraction pattern for one of the ground to thickness
units, as provided by Galli & Morelli (figure 33). Samples like this are identical to some
units that failed in the VIRGO [2]. Two main peaks are visible in the XRD plot, one at
44.53° which is the a-(110) plane, and another is visible at 64.5° which represents the a-
(200) plane; these are as expected. Scanning at greater or smaller deflection angles to
detect more peaks is possible, but was found to be unnecessary in clean, unoxidized
samples.

A small shape appears on the lower side of the a-(110) peak which is likely
Austenite y-(111). Some amount of it is always present in maraging steel, and more might

have reverted during grinding, or that the figure measured simply represents a normal
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quantity. Normally these y-Fe (111) peaks are closer to ~43.5°for similar setups, rather
than the 44.3° that the gaussian fit measured [37]. However, a five DOF gaussian to

account for tails placed the peak center at 260,,,,,) = 43.8°, which seems more

reasonable; this is not shown on figure 33. The a-(110) is a better choice for studying
strain due to its stronger signal; in every other way the a-(200), a-(211), or even a-(220)
planes would be just as effective.

The ground-to-thickness sample is treated largely as a control; no other samples
were available that had not been modified since the original cooling below martensite
formation temperatures. Determination of the true relaxed plane spacings d, is possible
by resolubilization i.e. heating and briefly holding the sample beyond 850°C to revert to
Austenite, and then back to Martensite, thereby relaxing all residual stresses before XRD.
Doing so in the lab would have been possible, though it was decided to be unnecessary.
This decision was made largely because of the tendency for residual stress to decay
rapidly with depth, and the amount of metal that was ground from the surface being
substantial. For this reason, the peak at 44.5° of this sample was used as a benchmark
and will be superimposed on other XRD results for comparison.

The above assumption was probably partially unjustified, due to the cold-rolling
stress profile of figure 21, and the fact that the amount of material ground off on each
side is unknown. This may explain some of the confusing results yielding different stress
values of different faces of the same sample discussed in chapter 2.

All ground-to-thickness samples were ground from the same sheet of the cold-

rolled samples as delivered by Aubert Duval.
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Throughout the project, scans were compared with a ground to thickness samples
with no treatment 11 times. The main reason for this was to make certain that the
instrument’s calibration was not drifting, and the need to compare measured samples with
the reference one in case of spectrometer drift. The results are tabulated and shown in
table 3. These measurements serve as the reference for determining strain in compressed

samples later.

Table 3

Results for Ground to Thickness Maraging Steel Samples

Date 26011007 d*110(A)
9.29 44.52 2.034
9.29 44.53 2.033
9.29 44.52 2.034
10.06 4451 2.034
10.06 44.82 2.021
10.09 44.52 2.034
12.12 44.52 2.034
3.06 44.47 2.036
412 44.56 2.032
AVG 44.55 2.033
STDV 0.097 0.0047

From these measurements we concluded that the instrument was stable within

0.2%.
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XRD of GTT Maraging Steel

e S R BB EEaEEa s meas na R R R s ma e T L B L
Gaussian Fit
45— '\ Siifx) = =1
“ . at'expl-((x-b1)c1)?) + a2'exp{{ (b2)c2)?) +
a-Fe [110]
{ el 3 %expl-((x-b3YC3)?) + a4 "exp({ (x-b4)c4)?)
l Coefficients (with 95% confidence bounds):
= al= 3693 (3662.3.724) =i
| bi= 4452 (4452 4452)
[ cl= 02439 (0.2415 0.2462)
a5l f a2= 01349 (0.1216,0.1483) =
b2= 6473 (6469,64.78)
c2= 05761 (0.5088,0.6434)
] a3= 06685 (0.6412,0.6959)
3 b3= 4434 (4432 44.35) -
l c3= 08496 (0.8262,0.873)
R |
§25 ,I —1
2 )' —
15— Il |l =
[
+Fe[111], | |
= 1 =
¥ .l aFe [200]
L A
05— / ¢ =
¥ \
¥ %
.~/ \\ T 25
ol il b b b DO B0 14 PN I P I el o o Il sl i v Kl Sl PSP BNl s s o |
40 41 42 43 a4 45 46 a7 48 49 50 51 52 53 54 55 56 57 58 59 80 61 62 63 B84 65 66 67 68 69 70

26

Figure 33. XRD result for Galli & Morelli ground to thickness pieces. Three peaks of note arise,
with a small amount of austenite possible, nominally occurring at 43.5. The 110 peak at 44.52 Serves
as a presumed standard relaxed lattice spacing d. This is mainly for comparison with other
measurements later.
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Figure 35 on the next page shows the diffraction pattern for a cold rolled sample
as delivered by Aubert Duval, the original manufacturer. These pieces are expected to
carry a residual compressive stress due to cold rolling they underwent during
manufacture, and a correspondingly higher angle of a-(110) peak.

Several additional peaks are visible on the plot of the samples as delivered by
Aubert Duval, which were not present in the ground to thickness samples. These are all
explainable by the presence of oxides, products of oxidation, which were visible on the
surface. Databases exist online which track XRD peaks [40], but in this case the peak
amplitude reduction from a simple surface scouring test sufficed to identify them as
surface oxidation residue. Most steels will slowly form a passive layer upon basic
exposure to air and this is likely all that happened.

In figure 34, a scan of an Aubert Duval cold rolled piece before and after surface
scouring clearly shows that the peaks at 37°, 57°, and 63° were surface features small
enough to be attenuated by a light surface refinishing. The peak at 52.1° is most likely

Austenite y-(200), and no concern to the results.
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Figure 34. XRD patterns for Aubert Duval, cold rolled MS. Several peaks were significantly affected by a
light surface cleaning treatment and do not represent any significant effect on the mechanical property of
the steel. Interestingly, the a-200 peak is barely visible.
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XRD of Aubert Duval (CR) Maraging Steel
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Figure 35. XRD of a maraging steel sample as provided immediately by Aubert Duval. This sample
represents the fraction of maraging steel blades that did not break during operation. Most
significantly, the a-(110) peak is located near 45.0 degrees which is a substantial move from 44.5
measured in ground to thickness samples from the same metal sheet.
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Superimposed plots of the 110 peaks in ground-to-thickness and Aubert Duval
cold rolled samples are shown in figure 36 for two samples each. The angles for a-110 in
the two samples averaged to 44.56° degrees for the ground to thickness samples, and
45.05° degrees for the cold rolled sample. Also, of note is the substantial broadening of
the a-110 peaks in cold rolled samples; this is not surprising given known behavior of
cold rolling to smash crystallites into smaller fragments. Differences in amplitude are not

significant, and merely represent differences in normalization due to the background.

Comparison of Rolled and Ground Steel Samples

ussian Fits: at’exp({pebijct )

45— ' 1 Coeffcients (with 95% confidence
: boundsf
al= 4102 (4067, 4.138)
bi= 4451 (4451, 4451)
cf= 02678 (0.28480.3008)

al= 4028 (3995 4061)
b= 44.56 (4450, 44.50)
cf= 03083 (0.3004,0.3062)

Figure 36. Superposed plots of XRD for 2xAD and 2xGTT Maraging steel a-110
peaks. Amplitude reduction does not reflect strain and broadening of the peak
suggests potentially a reduction in crystallite size. The shift of peak to a greater
angle suggests a compression.

Throughout the project, scans were completed on cold rolled samples with no
treatment 6 times. The results are tabulated and shown in table 4. The most significant
finding is that there is indeed a strain in Z and therefore a stress in the biaxial directions.

The magnitude of this stress can be evaluated from the strain and the Young’s modulus
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[33]. Biaxial stress based on the equations in sections 1.7.2 suggest a residual stress

greater than yield; this is certainly not the real case. Instead, a baseline approximation is
taken using the Poisson ratio and multiplying by a factor of % Based on this criterion, the

residual stress appears to be approximately -302 MPa which represents 16% of the listed
ultimate tensile strength of 1850 MPa. This may indeed be sufficient to explain the

survival of the cold rolled blades while ground to thickness or resolubilized units failed.

Table 4

Results for Aubert Duval cold rolled Maraging Steel Samples

Date 2011000 d*110(A) €21 Oxx = Oyy
~ —(011 + 032) (MPa)
2
10.02 45.06 2.011 -0.01070 -298.4
10.02 45.05 2.011 -0.01049 -292.6
10.09 45.06 2.011 -0.01070 -298.4
10.09 45.03 2.012 -0.01007 -281.0
10.09 45.07 2.010 -0.01090 -304.2
3.23 45.13 2.008 -0.01215 -339.0
AVG 45.07 2.011 -0.01083 -302.3
STDV 0.03091 0.001306 | .000643 17.93

From this point onward, data plots are restricted to angle ranges of 40-50° which
is more than sufficient for studying changes in the a-(110) peaks. This saves a significant

amount of machine time, without taking unnecessary data.
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It was tested that the peak shift survives the precipitation hardening process, as
discussed in section 2.3.

2.2. Lab Cold Rolling

While the presence of a surface-normal strain does suggest residual stress is
present according to the constitutive equations, there is an experimental way of
confirming that this is the case. One needs to check that a peak shift can be induced with
cold rolling in ground to thickness samples. This would prove that the residual surface
stress is due to cold-rolling strain.

A test to confirm the existence of compressive residual stress from cold rolling
was done in the laboratory using the crank-roller in figure 21. Several ground to
thickness samples were rolled in the lab machine until ~25% reduction in strip thickness
was achieved. This was done with cold rolling in only one direction, the strip-
lengthwise. This took roughly 30 passes for each sample flipping the orientation of the
sample between each pass to ensure symmetry of the stress state.

The result for one such unit is shown in figure 37. The lab-rolled piece presented
an a-(110) peak now at 26 = 45.33" which corresponds to a uniform biaxial residual
stress of -454.2MPa. A slight but nontrivial broadening of the peak manifests as well,
though this is expected from crystal fracturing. It is not surprising that we achieved
greater apparent residual stress in the lab samples as compared with Aubert Duval’s
because this rolling was performed at lower (room) temperature [27]. It is also not
surprising that the strain of 1.4% exceeds the ~1% limit on macroscopic samples. Likely,
the profile beneath these two surfaces stresses is similar to that of figure 20, but

proportionally different.
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103 Comparison of Hand-rolled and ground steel Samples

General model Gauss2.
sl at'erp{iebi)et)?)+ a2'epH{icb2)k2))

Coefficients wih 95% confidence bounds

Ground Sample

.t al= 0005945 (0.0058%, 0.005392)
5 b= 4451 (4451, 4451)

o= 0.308 (03057, 03115)

Hand-rolled Sample
at= 000621 (0.006166, 0.006355)
b= 4533 (4533, 45.33)
cf= 0326 (03168, 0.3285)

Figure 37. The diffraction result for a control GTT piece, and a GTT piece which was cycled through
the roller until a thickness reduction of 25%
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As an additional measurement, the cold rolled samples were diffracted on both
sides, and in two perpendicular directions with the auto-rotate turned off. The results
agree with the expectation that the measured strain should have no dependency on the
planar rotation ¢ because the residual bidirectional stress is due to the Poisson’s module-
induced stress exceeding the plasticity limit during compression. Angle with respect to
rolling direction had no effect on the XRD result, even though different stresses still exist
in those directions [33]. Interestingly, one side of the sample appears to have achieved a
greater normal strain than the other. This may be due to a small amount of asymmetric

residual stress left by the original asymmetric grinding to thickness.

Rotated Samples from Cold Rolling

Figure 38. Four orientations of a same LR sample. Strain measurement appears to have no preference for
orientation (as ¥ = 0) but a slight inequality based on the sample side.

2.3 Surface Stress Surviving the Precipitation Hardening Process (Over-aging)
Using the jewelry oven in figure 8, the samples are heated to precipitation
temperatures which, while substantially hotter than STP, do not reach recrystallization
temperatures able to relax residual stress of steel. For a noticeable relaxation to take

place, temperatures would need to exceed at least 580°C for several hours [7]. The
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experiment was done twice, the first time being at 480°C and the second at 435°C which
is the manufacturer-prescribed aging temperature.

e 435°C GM Ground-to-thickness 100hrs. (control) [fig. 39]

e 435°C AD (CR) 100 hrs. [fig. 40]

e 435°C GM Lab-Rolled 100 hrs. [fig. 41]

e 480°C AD (CR) 100 hrs. [fig. 42]

e 480°C GM Lab-Rolled 100hrs. [fig. 43]

Figure 39 presents the results of heating a ground-to-thickness control piece to
480C for 100 hours. The single a-(110) peak has migrated slightly to a wider 26 angle,
and the austenite y-(111) peak has become much more prominent. None of this is
unexpected or bad, even the specification sheet from Aubert Duval warns a small
contraction of .05% can occur during aging [10], when Cobalt, Nickel, and Molybdenum
exit from the solid solution to form the precipitates. The primary matter of focus here is
that the “relaxed” a-(110) peak is not significantly affected by further aging. Following
the control, units with predicted residual stress are tested; o-(110) peaks will ideally not

move, though a small change is inevitable particularly for 480°C aging.
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Ground piece, baked
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graund Unbaked

35—
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al= 3627 (3593, 3662)
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cl= 02079 (0.2945,0.3013)

® 25 Baked

al= 3112 (3.084,3.139)
bi= 4461 (446,44561)
2 cl= 02502 (0.2473,02531)
a2= 1160 (1.134,1.184)
b2= 4384 (4383, 4385)
2= 03195 (0.3106,0.3285)

Figure 39. XRD of a ground-to-thickness piece before and after heating for 100 hours at 435C
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Figure 40. Aubert Duval cold rolled Piece before and after aging
at 435C.
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Figure 41. Lab-Rolled samples undergoing again at 435C.
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After aging the 435°C samples, some XRD results came back with an unexpected
behavior. In the case of the Aubert Duval cold rolled steel, an inexplicable shift of the
peak to a larger angle (A28 =~ +0.57°) arises after scouring. One possibility is that a
diffractometer miscalibration happened before that acquisition; no measurement with the
reference sample was performed at that time. Another possibility is that since both
apparent drifts took place after a scouring, that this process has removed a thin layer of
metal near the surface which revealed a depth under different, greater, residual stress.
For the lab rolled sample, a similar problem arises immediately after baking. Three peaks
showed on the diffraction pattern, though all three appear shifted, this time, to smaller
angles by approximately A260 ~ —0.8°. Again, this is difficult to explain with any
physical change in the metal. In both cases, the samples were scanned again at other

times and revealed behavior as-expected; a hardware calibration shift seems possible.
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Figure 43. Bake of Lab-Rolled samples at 480°C for 100 hours
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It is also interesting to evaluate the measurements made with baking at 480°C for
100 hours. There is a 43.69° peak that turned out to be an oxide by scouring, though
surprisingly doesn’t arise for the Aubert Duval cold rolled samples. In the 435°C run for
the lab rolled sample, which appeared to have the results shifted, a similar peak is
apparent.

Despite the strange calibration changes and the appearance of oxidation peaks, it
seems reasonable to conclude that the a-(110) peak did not shift substantially towards the
relaxed value during the precipitation process. The cold-rolling-induced shift in XRD
peaks is attributed to residual stress; the fact that it survives the precipitation stage
strengthens the supposition that residual stress protects the material from stress corrosion.

Table 5 consolidates the results from all precipitate and over-precipitate samples.

Table 5

Relaxation of Residual Stress After Re-Aging

Description | Aging 20(°) €1 Relaxation
Temp(°C) | Before | After % _ (M)
change
€i1L
GM (GTT) N/A 44,51 44.61 |-0.001230 | N/A
AD (CR) 435 45.06 4499 |-.009240 |-13.6
LR (CR) 435 45.32 45.27 | -0.01505 |-6.40
AD (CR) 480 45.06 45.06 |-0.01070 |0.0
LR(CR) 480 45.33 4529 |-0.01545 | -5.06
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2.4 Problems with Reproduction of the Results for Lab Rolled Samples

Several additional samples were prepared for shipping to research partners for
further testing. In the process of gathering and preparing these samples, an anomalous
behavior arose from newly produced lab rolled strips. In previous LR strip production, a
reduction of 25% thickness led to a shift of A26 =~ .8°. In the new strips produced
several months later it apparently ceased to produce any shift. Attempts to reproduce the
result were unsuccessful, and this is a significant problem. Thus far, 4 additional samples
have been prepared using the lab roller; all returned results indistinguishable from ground
to thickness samples. The cause of this behavior is still unknown, and casts doubt on the
previous results. Parallel tests with Aubert Duval cold rolled samples in this time did not
produce any unusual result, and even further shifted when cycled in the crank-roller.

Residual stress is almost certainly present in these samples after the rolling; If two
strips are cold rolled in a stack, they will curl away from one another due to differential
residual stress [34]. Such a sample also returned ground-to-thickness-like results.
Assuming this is true, the question becomes why are we no longer able to measure the
normal stress in the lab rolled samples? Are the additional samples made of a different
material even if they come from the same pack?

Another possibility is that the previous experiment with lab rolled samples simply
acquired incorrect results from XRD. If this is true, then the utility of using XRD to
determine residual stress with our setup is put in doubt. This seems unlikely but must be
tested regardless by measuring residual stress in a different way. There are multiple way
of doing this.

No explanation is yet confirmed.

56



2.5 Effect of Residual Stress on Electron Energy in Frustrated Bonds
If the VIRGO blades operate with surface tension at 50% of .2% yield stress, then
an approximate numerical value for surface stress is readily calculable.
gs = 0.50,, = 890 Mpa
By adding the measured residual compressive stress to surface bending stress, this
implies a net reduction in magnitude.
Onet™ Oresidualt Opena < 590Mpa
After this, approximately 66% of original tension remains. Because E ~ €2, the free
energy from strain is reduced to <44% of previous amount, based on the conservative
estimations for residual stress. This is a substantial change and can explain increased

lifetime of cold rolled blades.
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CHAPTER 3

Conclusion

The effectiveness of residual stress inhibiting SCC was suggested, it depends on
many factors. It was shown that in the case of cantilever blades, cold rolling is
potentially useful because during bending operation, the compressive residual stress left
in surface regions by cold rolling overlaps with the area of greatest tension and most
susceptible to SCC [41]. The net result is less Mode 1 stress in the surface region where
cracks initiate. Because the lowering of the energy barrier to corrosion is quadratic with
micro-tension, the protection effect may be substantial.

A possible worry is that the compressive stress on the surface entails a greater
tension deeper in the metal, where cracking is still possible; deeper regions are subject to
less bending tensional stress and are not exposed to SCC, which starts only at the surface.

3.1 Notes on XRD Findings

The findings outlined in chapter 2 are a positive sign for the theory that residual
stress in the cold rolled protects them from stress corrosion. The existence of a surface
normal compressive strain is a strong indicator that a biaxial compressive stress is
present. This was not directly observed but is a logical inference after the results of this
research. The actual compressive residual stress may be substantially greater than
300MPa but no other values can be attained without more information. Some skepticism
is necessary for all calculations of residual stress given the experimental methods, as well
as the plastic behavior of the metal during cold rolling once the elastic limit is exceeded.

The inconsistency in the XRD results is troubling and indicates that either the source of
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the inconsistency is identified, or alternative ways to confirm the presence of the residual
stress are necessary.

If the estimations were correct, the 300 MPa residual compressive stress
calculated from the XRD measurements is approximately 16% of the yield stress. The
applied tensional stress on the top surface of a suspension blade is typically 50% of the
yield stress; even a reduction of 16%, to 34%, is very substantial and could explain why
cold rolled blades survive better than ground-to-thickness ones. Especially so, given the
proportionality of electron energy to €2. It’s also entirely possible that the real residual
compressional stress is greater than the measured values due to plastic deformation in the
surface normal direction exceeding the plasticity limit; this could not be tested with our
methods [40].

3.2 Proposed Solutions to the Stress Corrosion Problem

If these results are accepted, or if upcoming experiments confirm that cold-
rolling-induced residual compressional stress in the maraging steel blades inhibits SCC,
then cold rolling should be used instead of grinding to reduce the blades to their design
thickness, or grinding should be limited to the bottom face of a cold rolled strip, without
affecting the top. This way, the face under tensional stress will still retain its
compressive stress leftover from cold rolling. Of course, this may lead to undesired
curling of the blade that must be considered before utilization.

A practical solution is to provide a protective coating or elastic film to keep
humidity away from the metal surface. An ultra-high-vacuum compatible solution is to

apply a polyimide (Kapton) film that can be painted and then polymerized on the surface.
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Simply greasing the blades with UHV grease is a possible solution also worth

considering.

3.3 Future work
It is expected that this project will be taken over by Matthew Gonzales at
CSULA, to confirm that the residual stress in cold rolled maraging steel blades is the
factor that allows them to better survive an exposure to ambient humidity.
The first step will be to finalize the preparation of the strips which will be sent to
Prof. Lorenzo Valentini in Pisa for additional tests. Right now, Aubert Duval cold rolled,
and ground-to-thickness strips are ready, but the mysterious issues regarding missing

XRD shifts in lab rolled samples must be solved.

Table 6

Strips to prepare for sending to partners in Pisa, Italy.

Sample Specification Quantity
GTT Strips 2

Aubert Duval (CR) Strips 2
Lab-Rolled Strips 2

GTT Strips, Aged 2

Aubert Duval (CR) Strips, 2

Aged

Lab-Rolled Strips, Aged 2
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3.3.1 Depth Stress Profiling

Perhaps the most important and conclusive test to come, is the stress profiling of
cold rolled steel samples. While XRD is a useful way to study stress and strain at the
metal surfaces, it does not describe behavior more than a few microns into the metal
which is relevant for SCC.

There are several ways to do this, but right now the expectation is to use the
center-hole drilling method. Surface layer removal by chemical means is another way of
revealing new depths of the metal to XRD as a way of measuring residual stress.

3.3.2 Hydrogen Measurements

A technique is available to determine the presence of hydrogen trapped within the
iron lattice, both in bulk and near cracks. Because hydrogen represents such a common
path to failure in high strength steels, it was supposed that it provided a mechanism for
corrosion failure. Hydrogen is injected in the metal in humidity driven oxidation, the
little hydrogen found in the failed samples by other researchers may be an effect, not a
cause of stress corrosion.

3.3.3 Controlled Humidity Tests

The conclusive test would be to produce many blades of both kinds, subject them to
bending stress under changing humidity conditions and monitor the failure frequency.
This is clearly a large-scale endeavor, well beyond what possible with presently available

resources.
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