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ABSTRACT

This project was initiated by the Carderock Division of the Naval Surface Warfare Center
(CDNSWC) and the Office of Naval Research to study the effects of various processing parame-
ters on the residual stress statc of HSLA-100 bead-on-plate weldments. Three groups of samples
were provided to Virginia Tech by CDNSWC. The first (GPX) was a sample of unwelded, as-
received base material; the sccond group (RS-) consisted of an experimental matrix of differently
processed bead-on-plate weldments which were all ground prior to welding in order to prepare the
surface for welding; the third group (SR-) was a pair of weldments vacuum anncaled at 1200°F for
one and two hours, and then welded (without grinding) using welding parameters identical to
weldments from the second group. X-ray diffraction was used to measure the surface residual
stress state of all samples. It was found that the surface residual stress states of the GPX plate and
the unwelded SR- group plates showed no statistically significant difference in magnitude, though
the variation of the stress state over the surface of the plates scemed to decrease with increasing

anncaling time.



The severe, non-uniform grinding was determined to play a very large role in the residual
stresses generated in the welds, sometimes changing both the magnitude and the shape of the stress
patterns. Residual stresses in plates that were ground before welding were always more tensile
than those that were not ground. Grinding also caused a large compressive-to-tensile stress gradi-
ent in the transverse direction. The grinding made it difficult to determine the cffects of different
welding parameters on the residual stress state.

Assuming that the stresses closest to the weld bead are exclusively residual stresses due to
welding, preheat temperature reduced the tensile nature, or increased the compressive nature, of the
residual stresses. This is due to the preheat reducing the effect of shrinkage stresses induced after
the austenite transformation upon cooling of thc weldment. Because of the effects of grinding and
the small sample sizes, no definitive conclusions could be drawn about the effects of heat input and
plate thickness. It was shown that grinding was the dominant paramcter on the residual stress state

in these HSLA-100 bead-on-plate weldments. Because the angle and force of grinding are purely

at the discretion of the operator, it is very difficult to determine the effects of different welding pa-

rameters on the residual stresses generated in bead-on-plate weldments ground prior to welding.
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1. INTRODUCTION

The Carderock Division of the Naval Surface Warfare Center and the Office of Naval re-
search are conducting and providing for research leading to the certification of a new HSLA-100
steel alloy. This alloy is meant to replace the HY-100 alloy currently being used for surface com-
batant and submarine non-pressure hull structural ship applications. The objective of the replace-
ment program is to reduce fabrication costs and meet or exceed the strength requirements of the
original alloy. The results of a similar program, which successfully replaced a HY-80 steel with a
HSLA-80 alloy, led to the development of the present comparable program.’

Before the replacement can take place, a full certification of the new HSLA-100 steel alloy
must occur. Part of this certification process is understanding the role of residual stresses in
HSLA-100 steels, because these stresses may cause distortion and cracking in welded parts. The
stress relieving of large structures is not feasible, so it is the objective of the Carderock Division of
Naval Research (CDNSWC) to be able to determine, predict, and eventually model the formation
and distribution of weld residual stresses in HSLA-100 steels.’

In order to achieve these goals, the relationship between welding processing parameters
and residual stress must be explored. The study of this relationship is a major step towards gaining
the ability to predict and model residual stresses in welded parts. Due to the numerous welding
parameters, a large number of samples is required to initiate such a study. In addition, the stress
determination method must be fast enough to gain the information desired in a reasonable amount
of time. It is also desirable that the method be non-destructive in order to preserve the integrity of
the structures being examined. X-ray diffraction is a well known, non-destructive method of resid-
ual stress determination which is more reliable than some non-destructive methods (such as ultra-
sonic techniques or Barkhausen Noise Analysis), and faster than others (neutron diffraction).

The objective of this thesis is to begin the development the science and technology that
permits the prediction of the distribution of residual stresses in gas-metal arc-welded (GMAW)



HSLA-100 structural steels as a function of welding process and procedural variables such as ma-
terial thickness, welding current, potential, travel speed, and preheat temperature. This is accom-
plished using x-ray diffraction to determine the surface residual stress state in an experimental ma-
trix of differently processed HSLA-100 steel welds. In addition, scientists at the National Institute
for Standards and Technology are using neutron diffraction to study the internal stresses generated
in weldments. The resulting data from both projects will be used by scientists at Oak Ridge Na-

tional Laboratory to aid in the development of mathematical models for welding residual stresses.



2. BACKGROUND

2.1 HSLA Steels

High-Strength, Low-Alloy (HSLA) steels are exactly that: high strength steels with low
levels of those alloying elements usually associated with strength in steels. They were originally
developed as a method of cost savings in the manufacture of transportation equipment, and this
remains where the largest amount of HSLA steels are consumed.” When compared with other
structural steels used for similar purposes, the greater strength of HSLA steels allows for increased
weight savings due to the lesser amount of material needed to meet the same structural require-
ments. The higher cost/weight ratio of HSLA steels is compensated for by the better cost/strength
ratio. HSLA steels are also desirable due to their higher durability, abrasion resistance, and in
some instances, atmospheric corrosion resistance. High-strength, low-alloy steels are available
under a variety of names, such as microalloyed steels, weathering steels, or controlled-rolled steels.
To make identification even more difficult, a given composition HSLA steel will have several pro-
prietary names, each depending on the particular manufacturer.

One of the more intriguing aspects of HSLA steels is the high yield strength attained with-
out the higher carbon content normally associated with high strength steels. The lower carbon
content decreases hardenability which increases weldability, another advantage of this group of
steels. The higher strength of these steels is attained through special processing and the addition of
small amounts of precipitate-forming elements such as niobium, titanium, vanadium, and cop-
per.*”* Other alloying elements include manganese which is added to avoid the formation of iron
sulfide and for better low temperature properties, phosphorus for increased strength (but decreased
ductility) and increased atmospheric corrosion resistance (especially when copper is also present).
Silicon acts as a deoxidizer while also increasing hardenability; chromium enhances corrosion re-

sistance and strengthens HSLA steels containing copper and vanadium. Nickel increases strength



somewhat while enhancing corrosion resistance, especially to seawater corrosion when copper
and/or phosphorous are/is also present. Molybdenum also acts as a strengthener in HSLA steels.
Copper enhances corrosion resistance and acts as a solid-solution strengthener; newer HSLA alloys
contain copper acting as a precipitation strengthener.’

Most HSLA steels are hot rolled. This processing increases the strength of the alloy by
reducing the size of the austenite grains present in the preheated alloy, thus creating a fine subgrain
structure upon cooling. Hot rolling also results in strain-induced precipitates which serve to pin
the austenite grain boundaries, inhibiting grain growth. Ferrite grains nucleate on austenite grain
boundaries, so the finer the austenite grain structure, the more nucleation sites there are for ferrite
formation. Because strength is inversely proportional to the square root of the grain size, the fine
ferrite microstructure leads to high strength in HSLA steels. The typical grain size of a HSLA
steel is approximately one tenth the size of a plain alloy steel (this will be discussed further in Sec-
tion 3.1).” Additional strengthening occurs when any remaining alloying elements precipitate into
the ferrite as the steel cools.®

While HSLA steels have a higher cost/weight ratio, their cost/strength ratio (or strength/
weight ratio) is more desirable than most of the other steels used for the same applications. Their
ease of welding is also a major benefit; this makes them appropriate for many applications in
which plain carbon steels are used. Some examples of such uses include: bridges, buildings,
heavy construction and mining equipment, and defense-related purposes. Because of their high-
strength and their low content of expensive alloying elements, HSLA steels are considered to be

“one of the most important, and metallurgically interesting, modern engineering materials.”

2.2 Residual Stress due to Welding

Residual stresses are stresses that remain in a material after the removal of all externally
applied load. Sometimes referred to as internal or inherent stresses, residual stresses are present in
virtually all manufactured products. They result when a part is plastically deformed in a non-
uniform manner, and the lattice must distort elastically in order to remain coherent. Residual
stresses are especially sensitive to the non-uniform heating and cooling which takes place in all heat
treated parts of appreciable thickness.'® If the material is multiphase, both residual macrostresses

and residual microstresses will exist. Residual macrostresses vary over a distance that is large as



compared to the microstructure and are equal in all phases of the material. Macrostresses result
from unequal deformation of adjacent regions of material. Residual microstresses vary on the scale
of the microstructure and result from differing thermal or elastic properties of the phases. Mi-
crostresses must balance to zero between the different phases of the material.'' The sum of all of
the residual stresses in a part must also balance to zero within that part.

Residual stresses are important because they combine with any applied stress to have ei-
ther beneficial or deleterious effects. Surface tensile residual stresses combine with any tensile
applied stresses and enhance the likelihood of fatigue cracking, stress corrosion cracking, and/or
fracture. Internal tensile residual stresses may cause cracking when in the presence of internal de-
fects which act as stress raisers.'> Conversely, surface compressive residual stresses are beneficial
because they reduce the effect tensile stresses have on the fracture mechanisms. Compressive re-
sidual stresses sum with any applied stress just as the tensile stresses do, but compressive residual
stresses reduce the effect of any applied tensile load. Unfortunately, either type of residual stress
may cause distortion of the workpiece leading to mismatch between mating parts.

The welding of a material consists of strong localized heating of an area with respect to the
surrounding metal and always results in residual stress. The main stress generators associated with
the heating and cooling imparted by the welding process are shrinkage and phase transformations.
The inhomogeneity of thermal processes results in shrinkage in the welded metal and yielding of the
surrounding higher temperature material."> A phase transformation and accompanying volume
change will be restrained by the surrounding material resulting in residual stresses within the trans-
formed and surrounding metal. Because of their proximity to a moving heat source, residual
stresses in the vicinity of a weld are very complicated in nature and exhibit large gradients.'*""?
This may lead to adverse effects because residual stresses can play a large part in crack propaga-
tion.

The concepts of longitudinal (o)) and transverse (o) residual stress will be used frequently
throughout this text. In order to clarify what is meant by these terms, a diagram of the measure-
ment directions on a schematic bead-on-plate weldment is shown in Figure 1. In Figure 1 and all
other weldment diagrams, the bottom of the weld bead is its starting point and the top is the end
point. All residual stress data was taken along a measurement line perpendicular to the length of

the weld bead, at it’s approximate midpoint.
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Figure 1. Schematic diagram of a standard bead-on-plate weldment, showing translation directions and
the directions of transverse (o,) and longitudinal (o)) residual stress measurements.

If shrinkage was the only stress generating process, surface residual stresses on a line per-
pendicular to the weld bead would appear as shown in Figure 2.'° Longitudinal residual stresses
would be tensile in the weld bead and in the surrounding region (the material that cooled last), bal-
anced by compressive residual stresses further away from the weld center line. Transverse residual
stresses would be tensile across the plate, the magnitude of which depends on the welding process
parameters.

However, shrinkage is not the only stress generating process; phase transformations also
induce residual stress. If residual stresses due to the volume expansion associated with the aus-
tenite to bainite and/or martensite phase transformation (as is the case in HSLA-100) were the only
stress generating process, the stresses would appear as shown in Figure 3.'” Transverse residual
stresses are compressive in both the transforming region and the surrounding material. Longitudi-
nal residual stresses are compressive within transformed grains of material, and tensile outside of

this transformed zone.
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Figure 3. Welding residual stresses generated exclusively by phase transformations.
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It is usually a combination of these two stress generating processes that result in the final
residual stress state. Shrinkage occurs continuously as the heated material cools from its peak
welding temperatures, causing tensile residual stresses. When austenite () begins its transforma-
tion, compressive stresses are generated in the transforming region for the duration of the transfor-
mation. The final residual stress state depends on the temperature at which the austenite transfor-
mation takes place,'® and thus depends on the cooling rate, which is in turn affected by the process-
ing parameters such as heat input and preheat temperature. For a slow cooling rate, the -
transformation will be complete at a high temperature, allowing for shrinkage stresses to increase
the tensile component of the stress upon completion of the transformation. A fast cooling rate re-
sults in a low temperature y-transformation, leaving little time for shrinkage after the transforma-
tion is complete. This results in a less tensile or more compressive stress state, depending on the
magnitude of the shrinkage and/or transformation stresses.

Because of the sensitivity of the y-transformation to different material and welding pa-

rameters, many factors affect the residual stresses generated in a welded material. Welding proc-
ess parameters, such as preheat temperature, current, potential, and travel speed, as well as mate-
rial parameters, such as weld joint geometry, thickness, thermal conductivity, and coefficient of
thermal expansion all play a part in the residual stress state of a finished weldment. The welding
current, potential, and travel speed are directly related to the heat input of the weld, as is described

in the following equation:

h=60*‘ﬂ (n
1%

where h is the heat input (J/in), V is the potential (V), I is the current (A), and v is the travel speed
(in/min). Controlling heat input is important in order to control the cooling rate of the weldment.
If the part cools too quickly, brittle martensite may form and result in cracking. If the part cools
too slowly, unwanted tempering of the heat-affected structure may take.'” Heat input is directly
related to the location of the maximum longitudinal residual stress. *

Preheating a structure before welding allows the entire thickness to reach a uniform tem-
perature. Upon cooling after welding, stresses induced by shrinkage stop increasing when the pre-
heat temperature is reached. Thus, adjustment of the preheat temperature can lower the peak ten-

sile residual stress generated within a weldment.?! Preheating also maintains the temperature of



the heat affected zone (HAZ) allowing hydrogen, which might eventually result in hydrogen crack-
ing, to diffuse out of the part.”

Different stresses are known to cause cracking in different areas of a weldment. Trans-
verse residual stresses, the more important component when fracture in the base material is the
primary consideration, are also influenced by the length of the weld bead with respect to the plate
and by the travel speed.” Longitudinal residual stresses are usually tensile in the vicinity of the
weld bead and responsible for cracking within the weld bead itself.**

In typical welds, the interpretation of residual stress is difficult because of the large num-
ber of variables within the welding process. Dahl states that, “Due to the large number of welding
parameters, groove geometries, plate dimensions, base and filler materials, and their effect on the
formation of residual stresses, the results of residual stress measurements can be varying.

This makes it difficult to categorize the types of weldments in relation to residual stress distribu-
tion.”” Wohlfahrt includes, “It is therefore easy to understand how individual authors can report

totally different welding stress distributions.”

2.3 X-ray Determination of Residual Stress

The determination of residual stresses may be accomplished either destructively or non-
destructively. Destructive methods necessitate the removal of an amount of material, measuring
the relaxation which takes place in the remaining material, and computing the stress from the strain
redistribution which takes place (i.e., sectioning or hole drilling).”” Methods such as these only
measure macrostresses and reduce the structural integrity of the part being studied. Non-
destructive methods of residual stress determination are preferable because they do not end the
serviceability of the part.

X-ray diffraction (XRD) is “the most widely used, and the furthest advanced, method for
evaluating residual stresses nondestructively.””® In addition, the “x-ray method of measuring
stresses is nondestructive and, after half a century of use, it is the standard to which other tech-
niques must be compared.” It is easily the most accurate of the non-destructive methods; how-
ever, it does have certain limitations. For example, only the surface stress state is measured be-
cause the depth of penetration of the x-rays is typically only a few microns. In addition, the grains

of the material must be randomly oriented and small enough that the x-ray beam will sample a



large number of grains with a random distribution of planar normals throughout space. This could
be a problem when using x-rays to determine residual stress in weldments due to the grain growth
which occurs in and near the HAZ.

The principle behind x-ray determination of residual stress (XRDRS) uses the planar lat-
tice spacing of the material as an internal strain gauge. X-rays measure the lattice spacing, and the
strain is computed from the distortion of the lattice. The most common (and recommended)
method of XRDRS in use today is the sin’¥ technique.*® Diffraction occurs when incident radia-
tion of the proper wavelength, A, strikes grains of material with the proper d-spacing, dyq, and ori-
entation, 8. This is described by Bragg’s law,

A=2d,sind, ()
and is pictured in Figure 4. When A and 6 are known, Bragg’s law may be used to determine dyyq.
This is the procedure used in XRDRS. Monochromatic x-rays of a known wavelength are used to
irradiate a sample, and the resulting diffraction peak identifies the interplanar spacing of the grains

of material being examined. If the unstressed lattice spacing, d,, is known, the resulting strain, &,

Ad
in the diffracting grains may be determined from & = Vi where Ad is the change in the lattice

spacing caused by the stress field. Hooke’s law may then be used to compute the stress from the
experimentally determined strain.

If a material is polycrystalline with randomly orientated grains, the normals of these differ-
ently oriented planes are uniformly distributed throughout space (N, Figure 4). Only those sets of
planes with their normal bisecting the angle between the incident and diffracted x-rays diffract. By
changing the orientation of the diffractometer with respect to the sample, different grains will dif-
fract. Differently oriented planes will react in a different way to the same stress field. The d-
spacing of a set of planes parallel with the surface of a sample undergoing tensile stress will de-
crease due to the Poisson’s effect. The d-spacings of planes perpendicular to the surface of the
sample will increase in the presence of a tensile stress field. The opposite will occur in compres-
sion, and a degree of one of the other will occur when the lattice planes are at an angle with the
surface.

Figure 5 demonstrates the coordinate systems used for XRDRS. The S axes define the
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sample coordinate system, with S, and S; in the plane of the material surface and S; normal to the
sample surface. The L, or “laboratory” system, begins with the same orientation, but is then ro-
tated by an angle y about L,, and then rotated by an angle ¢ about L;. In some instances, it is nec-
essary to tilt the L, - L; plane with respect to the S; vector by an angle, x. In this case, the inter-
pretation of diffraction data becomes very complex, and can be found (including error analysis) in
a paper by Jo and Hendricks.*'

The relationship between the changes in d-spacings and an applied triaxial stress field can
be determined using Cartesian coordinate system transformations, Hooke’s law, and the strain-

deformation relationship. For isotropic materials in which x=0, the result is*

plane normal
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Figure 4. Diagram of Bragg’s law: diffraction of incident radiation by atomic lattice planes, where 0 is
the angle between the diffracting planes and the incident radiation of wavelength A, and dyy is the dis-
tance between the diffracting planes.
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Figure 5. XRDRS coordinate systems where S; is the sample coordinate system, L; is the laboratory coor-
dinate system, v is the angle between the sample normal and the normal of the diffracting planes, and ¢ is
orientation of the laboratory system with respect to the sample system.

d,, —d

T— =gy = Sz(cncoszd) + oy,81n2¢ + czzsinzcb — o)sin’¥Y
0

N | —

1
+ 5520'33 + Si(on + 622+ O33) 3)

+ Py S,(o13c08¢ + O3sind)sin2

where S, and S,, the x-ray elastic constants, are specific to both the radiation wavelength and the
(hkl) planes being examined, d,, is the d-spacing of the planes with a normal having the orienta-
tion (¢,y) with respect to the S coordinate system (see Figure 5); and o are the components of the
triaxial stress tensor.

The x-ray elastic constants are given by
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| 4
Si(hkl) =—2— “4)
hkl

and

1+v
Ehkl

1
5 Sa(hkl) = ®)

where Eyy is the Young’s modulus of the hkl planes and v is Poisson’s ratio. The x-ray elastic
constants differ from bulk elastic constants (Young’s modulus) because the value of Young’s
modulus is different for different sets of hkl planes.

At y=0, (3) reduces to

d,,—d 1
—#L_° —8,013+ Si(on + 02 + O33). (6)
d, 2
Subtracting (6) from (3) gives
d,, —d 1 1
—ty 4D —Szc¢sin2‘I’ + —S,(o13c089 + Gxsind)sin2 ¥V ¢))
d, 2 2
where
Oy = 011C05°) + G)25in2¢ + O sin’} - 33 3)

is the stress in the ¢ direction (S, in Figure 5). If the unstressed lattice spacing is known, it is pos-
sible to calculate the entire stress tensor. Unfortunately, d, is generally not known and is difficult
to determine. The sin*¥ method allows for the calculation of the residual stress in the Sy direction
even when the unstressed lattice spacing is unknown, by substituting the d-spacing at y=0° as
measured by XRD for d,. For most materials, elastic strain will not exceed 0.1%. Equation (7)
shows that the unstressed lattice spacing is only a multiplier of the stress; hence, an error of <0.1%
in d, results in an equal magnitude error in o4, which may be disregarded when compared to the
possible errors caused by misalignment, statistical analysis, or instrumentation.*’

If the stresses are assumed to be biaxial, as is the case in most XRDRS because of the

relatively shallow depth of penetration of the x-rays, (7) and (8) reduce to

d, -d
Y #0 G0’V ©9)

and
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Gy = C]]COSzd) + O'12$iﬂ2¢ + O sin2¢

(10

respectively. Equation (9) shows that a plot of the d-spacings versus sin’¥ will be a straight line

with a slope o, as can be seen in Figure 6a and Figure 10 (p. 22). However, if shear stresses exist

in the plane of rotation of the diffractometer, the sin2'¥ term of (7) causes a “split” in the d vs.

sin’¥’ plot for non-zero values of , as can be seen in Figure 6b. This is often seen in practice and

is evidence of shear stress existing in the material under investigation.

Other disparities from the above assumptions will result in other artifacts in the d vs. sin®¥’

plot; for example, a strong stress gradient perpendicular to the surface of the material may be de-

tected by a gradual curve in the d vs. sin?¥ plot caused by a decrease in the depth of penetration of

the x-rays with increasing magnitudes of y (Figure 6c).

® Y 50 v >0 e Y s
v oy Y <0 Y y<o
sin'y/ sin'¥/ sin'¥/
(@) (b) (©

Figure 6. Typical d vs. sin’¥ plots: (a) “good” straight line plot of data with slope = o, (b) plot showing
the effect of shear, and (c) a plot with curve indicating a stress gradient perpendicular to the surface of the

material.
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