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ABSTRACT

MODE ONE FRACTURE TOUGHNESS TESTING OF

FRICTION STIR PROCESSED HSLA-65

Jeffery D. Horschel
Department of Mechanical Engineering

Master of Science

In order to investigate the viability of frictiortis welding for use in Naval
construction, mode one elastic-plastic fracturegbmess of friction stir processed
HSLA-65 was determined using current ASTM 1820 &8 7448 standards.
Double-sided welds were used to achieve 12.7 mok tamples. A constant feed
rate of 200 mm/min was used for all welds. To erplthe effect of weld parameters
on toughness, welds were produced using two rotatispeeds: 340 RPM and 490
RPM. The weld centerline, advancing side hardemegion (ASHR), and
TMAZ/HAZ regions were sampled, in addition to unlded parent material. All
elastic-plastic fracture toughness values werekii@ss dependent. For welds
produced at 340 RPM, toughness ranged from 33%%% Below parent material.

By increasing the rotational speed to 490 RPM, weltghness was likewise less






than the parent material, but increased 12% to &£&tive to welds produced at 340
RPM. The lowest measured toughness was in the ASHRples for both
parameters. This region of the weld exhibited mixeode stress-strain conditions
and toughness 75% and 62% less than parent matefialighness values for all
samples failed to meet qualification requiremeritsaith ASTM 1820 and BS 7448
due to non-uniform crack extension. Irregular kregtension was caused by the
through thickness change in tensile propertiestdugelding and the affect this had
on the plastic zone size compared to the thicknéssteased weld toughness from
340 RPM to 490 RPM was attributed to microstrudtaiiferences as a result of
increased rotational speed. In addition, highackrextensions were observed in the
second weld pass relative to the first for botlational speeds. This was attributed to
weld tempering of the first pass by the second.e ASHR samples exhibited the
highest crack extensions. In this location, thddwaicrostructure consisted of

Widmanstatten ferrite, a microstructure known tadb&imental to toughness.
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1 Introduction

1.1 Background

Since its inception, friction stir welding has beexamined for use in many
different damage tolerant designs. For exampietidn stir welding has been proposed
as a substitute for riveting in aerospace strustfit¢ Also, with the development of
advanced friction stir welding tools [2], high stgth steels can now be friction stir
welded. As such, friction stir welding has gainieterest among the pipeline and
shipbuilding industries, particularly the Navy's IHFS(high strength low alloy) program.
Initiated in 1980, this program was developed ta fivays to accomplish the goal of
reducing “shipbuilding costs through improvement wélding processes, materials,
technologies, procedures, and techniques, whileulsameously improving quality,
strength, and toughness of hull steels [3].”

The interest in friction stir welding stems frometeeemingly superior post weld
mechanical properties produced by the friction stelding process compared to
conventional welding processes. This in and odlfitpresents the problem: while
traditional joining techniques have been well ustteyd for decades, friction stir welding
is relatively new and imposes its own set of clmgjéess regarding its use. In respect to the
aerospace, pipeline, and shipbuilding industriashabe tolerant design (or a design that
will withhold its integrity with the presence ofafis or cracks) is of great importance.

Even so, little is known about the fracture prowsrof friction stir welds, and whether a



friction stir welded structure is economical as Iwed damage tolerant. Widespread
implementation of friction stir welding in structs is subject to understanding the

toughness properties of the welded material.

1.2 Fracture Toughness Testing

The fracture properties of friction stir welded HSLsteels have not been
extensively explored. While many standards existt tdelineate the proper fracture
toughness testing of homogeneous materials andteaditional arc welds, there is little

literature addressing the application of thesedsteds to friction stir welds.

1.21 Homogeneous Materials

In homogeneous materials, compact tension speciaensut from the material
with a starter notch in the area of the materiabrehthe fracture toughness is to be
evaluated. These specimens are then cyclicallyelddao grow a crack in the bottom of
the notch (called a precrack). At this point, tb&t procedure varies forK(elastic) and
Jc (elastic-plastic) evaluations. Foida tensile load on the specimen is ramped up until
fast fracture occurs, while recording the load aratk opening displacement. Faf,J
specimens are cyclically loaded to produce stabdekc growth while recording the
displacement of the load line, crack extension, laad for each cycle. Analysis of the
records following prescribed procedures [4,5] wilbduce either qualified (or thickness

dependent) Kor X values or valid plane strain fracture toughnegsoK Jc values.



122 ArcWeds

Toughness is determined in a similar manner foditicmal weld specimens.
However, due to the heterogeneity of the weld, foarplacement of the starter
notch/fatigue precrack and post-test sectioningcauseial to the determining of fracture
toughness values of microstructurally distinct o0& a weldment. For example, in a
multi-pass arc weld process, many distinct regiohmaterial are produced, each with
different properties. Local brittle zones exist time coarse-grain HAZ (CGHAZ).
Because this is a region of low toughness and sincauses failure in a weak link
fashion, it is imperative to know the fracture tbngss of this region if it is to be used in
a structural setting. Testing the fracture touglsnaf a specific region requires that “the
precrack must be located close enough to the wakkHat the crack-tip process zone
can initiate fracture” [6]. In conjunction withithidea is the subsequent verification that
the fatigue crack did indeed sample the weld regmoguestion, and a quantification of
how much sampling took place. By this processdhghness of various weld regions of

a traditional weld can be determined.

1.2.3 Fracture Toughness Testing of Friction Stir Welds

The challenge that friction stir welding posesws4fold: 1) while traditional
welding techniques can be done in material of dngknhess, friction stir welding is
limited to producing relatively thin specimens, esplly for tough materials like HSLA-
65; and 2) like traditional welding techniques, quae control of the position,
orientation, and containment (i.e. prevention of-auplane cracking) of the starter
notch, fatigue precrack, and any subsequent cremktly during testing is imperative to

the successful determination of toughness for argregion of weld material.
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As far as evaluating the fracture toughness ofimcstir welds in HSLA steels,
there is no literature available. However, theogapace industry is just as interested in
utilizing friction stir welding on aircraft for theame reasons shipbuilders want to use it
on vessels. Therefore, a number of fracture toeghevaluations of friction stir welds in
aluminum have been published by the aerospace comynulJata et al successfully
tested eccentrically loaded single edge tensiorpksmfor fatigue crack growth rates in
the weld nugget and HAZ of 7050 [7]. Sutton eslabwed that the crack tip opening
displacement (CTOD) is a viable means of measuhadracture response of friction stir
welded 2024 [8]. He was also able to demonstreeatfect of heat input on CTOD, and
that hardness and microstructure affected crackgmation. While these papers glean
little information on the toughness propertiesraftion stir welded HSLA steels, they do

offer insights into approaching fracture toughrtessing of friction stir welds.

1.3 Friction Stir Welded HSL A-65

While traditional multi-pass arc welding techniquesoduce well defined
boundaries between HAZ and weld nugget regionstidn stir welding sometimes does
not. Figure 1-1 is a photo of the weld zone oftfon stir processed HSLA-65. While
some boundaries are clear, perhaps between the TéhlZthe hardened region, other
boundaries are not as apparent. For example,atedary between the TMAZ and the
HAZ is very gradual. Likewise, the transition frahe hardened region to the nugget is
equally indistinct. Varying the weld parametersoathanges the size and shape of each
region. Proper characterization of these differggions is critical to ensuring the

successful placement of the starter notch to erteererack samples the desired region.



Figure 1-1: Photo of the different zones of weld material in HSL A-65: weld nugget, hardened region,
TMAZ, and HAZ.

Since friction stir welding produces regions of eral oblique to the thickness
(and crack plane), it is difficult to guaranteettacrack maintains a path in a desired
plane. While this is the case of friction stir d&lin any material, not just HSLA-65,
many institutions have demonstrated successfukarantainment by utilizing specimen
designs outlined by ASTM standards. In fact, the/yy in conducting toughness tests,
implements side grooves (a procedure outlined imTMSstandards) to increase crack
constraint.

HSLA-65 is sensitive to the Hall-Petch effect, be tstrengthening of a material
by decreasing the grain size. Since friction wefding produces a region of very fine
grain structure, the weak link may be the parerntensl itself. Preliminary tensile tests
conducted at BYU on friction stir processed X-6%édaemonstrated ductile overload
failure in the base metal. While this indicatedearly strengthened weld region, it is no
indication of theoughness of the weld region.

In addressing the issue of toughness, Charpy \antgsts done at Oak Ridge

National Labs [9] on friction stir welded HSLA-65uggest a tougher and stronger weld



region. The same tests conducted by Konkol el @ $howed “the CVN toughness in
the stir zone is significantly lower than that betHSLA plate; however, it was higher
than the specified plate minimum. The stir-zonagtomess is also higher than the
specified minimum for the MIL-71T1 flux-cored arceld metal typically used to join
HSLA steel.” While these tests have addressedifsgly toughness of friction stir

welded HSLA-65, they do not agree, and providéelitisight as what to expect.

1.4 Problem Statement

Providing safe damage tolerant designs of strustutiéizing friction stir welding
as a primary joining technique implies understagdime fracture characteristics of the
material joined or processed by friction stir walgli However, a procedure for obtaining
that understanding is still a relatively untouclsedject and requires attention if the goal

of damage tolerant designs of friction stir weldgdictures is to be obtained.



2 Experimental Method

2.1 General Approach

Friction stir welding is currently limited to proding welds much thinner than the
thickness required to produce plane strain conustio HSLA-65. Therefore, this thesis
is limited to qualified (thickness dependent) tongés values only. This was done under
the assumption that since base metal HSLA-65 nieelds approximately 60 mm thick to
impose plane strain conditions at a crack tip anrdemperature, anything thinner will
always “leak before break.” Equally, since Chaypyotch tests done by Feng [9] and
Konkol [10] hinted that toughness ranged from rdtian arc welding to better than base
metal, friction stir welded HSLA-65 should at leaséet minimum weld standards, and
also “leak before break.” This thesis attempteduantitatively determine the toughness
of friction stir welds in relation to arc-weld apdrent material toughness by comparing
the elastic-plastic fracture toughness of frictstin welded material to parent material for
specimens of similar thickness. Therefore, fracttoughness tests were conducted
according to ASTM 1820 and British Standard 7448207 mm thick base metal sheet

HSLA-65 and then in friction stir processed HSLA@3he same thickness.



2.2 Weding

221 Machineand Tooling

Welding was conducted at Brigham Young Universitghwa Transformation
Technologies Inc. friction stir welder capable oélding 3 m lengths. The machine is
computer controlled, and is easily programmed udflegjaStir Technologies’ computer
interface. The welding tool was a CS4 (Convex-Sepal-Scrolled Shoulder) design
made of a PCBN insert locked to a tungsten carbltenk. Details of this tool are
included in Appendix A. This tool design was chobecause of its exceptional tool life,
excellent tool path surface finish, and improvediag of the weld material. The pin
length was designed such that overlap betweendpheand bottom weld passes was
achieved in the desired plate thickness. The tead cooled via circulating coolant
through the tool holder during welding and argors ghielding was used to prevent

oxidation of the tool and weld surface.

2.2.2 Material and Weld Parameters

HSLA-65 is a High Strength Low Alloy steel (typibaklassified as having less
than 0.1% carbon content) used extensively in UgNeonstruction. The development
of this alloy is in response to welding difficuid€typically low toughness) and costs
associated with previous HY steels. The reductibnarbon content results in a lower
strength steel, but yields better toughness. dieroto recover strength, small amounts of
carbide forming elements that control grain growtk added (Table 2-1) which cause
strengthening by refinement of the microstructufée effect of reducing microstructure

size to increase strength is also known as thePtlth effect. The resulting base metal



microstructure consists of polygonal ferrite, isfrsed with small regions of bainite or

martensite (Figure 2-1).

Table 2-1: Percent composition of various elementsin HSL A-65 sheet used.

Element % Element %
Carbon | 0.081 Copper 0.26
Manganese | 1.43 Nitrogen | 0.009
Silicon 0.2 | Vanadium | 0.055
Sulfur | 0.003 Titanium | 0.013
Phosphorus | 0.022 Niobium | 0.021
Nickel | 0.35 | Aluminum | 0.018
Molybdenum | 0.063 Boron | <.0005
Chromium | 0.15 Oxygen | 0.003

Figure2-1: Micrograph showing microstructure of base metal HSL A-65 material.

To validate the test procedure and to explore d#grece of toughness on weld
parameters, two different weld parameters wereaggdl (Table 2-2). The change in

parameters was done systematically: from welcAsiet weld set B, the rotational speed

9



was increased. This was done in order to attriratechanges in toughness to a change

in rotational speed.

Table 2-2: Weld parameters.

Feed-Rate | Rotational Speed | Vertical Force | Weld Power | Heat Input
mm/min RPM kN W J/mm
Weld A 100 340 42.3 4373 2583
Weld B 100 490 33.4 4321 2552

Weld power was calculated using Equation (1), thi@die torque, and spindle
RPM [11].

Weld Power= w (1)
6C

WhereQ is the spindle speed in RPM, and M is the torduien). Torque was
calculated by averaging the spindle torque recofdethe duration of each weld. Once

weld power was calculated, Equation (2) was uitilizecalculate the heat input [11].
Heat Input= P )
vV

Where P.l. is the weld power (W) and v is the fesgd (mm/sec).

‘Welds’ were actually friction stir processed wightwo pass (top and bottom)
force controlled process in order to generate tbsirdd thickness. Welds were
conducted in opposite directions on the top andoboto assure weld features overlap

(i.e. the advancing side of top weld overlaps fttheaacing side of the bottom weld). The

plates were welded in the longitudinal directioatgllel to the rolling direction.

10



2.2.3 Wed Qualification

Weld parameters were arrived at by running practiekls at various parameters
and subsequently checking for defects using dyetpamt inspection. Once defect free
welds were obtained, plates were welded and trassveections were cut, polished,
etched, and inspected using visual microscopy tnagnsure full healing of the weld.
Also, these same etched sections were used forndateg notch placement and

hardness mapping of the welds.

2.3 SampleDesign

Compact tension samples were used for all fractorgghness evaluations.
Samples were designed to have a nominal thickissf(12.7 mm and a nominal width
(W) of 51 mm. This corresponds to a W/B = 4 foe@mens with B< 12.7 mm as
outlined by ASTM 1820 (sections 6.5.2.2 and 7.3) &% 7448. However, machining
operations prior to welding, between weld passed,pst weld reduced the thickness to
between 11.07 mm and 11.43 mm. The difference dmtwmaximum and minimum
thickness was 0.36 mm, well within the £0.508 mherance called out by the standards.
However, the width-to-thickness ratio was 4.44;atge than the maximum allowed by
the standards. Nonetheless, the standards pdinthauany thickness can be used, as
long as the qualification requirements are met [4].

Preliminary tests in base metal material indicaegeed for side grooves along
the crack plane on both sides of the sample tceas® crack constraint. These were

included in the final design of all samples. Alsategral knife edges at the load line
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were included in the design of the sample to allostallation of a COD gauge. A

detailed drawing of the compact tension samplaakided in Appendix B.

2.3.1 Notch Placement and Verification

Placement of notches was determined by first penifoy hardness maps across a
transverse section of each weld. Hardness mapgure 2-2 and Figure 2-3 were made
from discrete hardness measurements spaced 60@nwmi@part both vertically and
horizontally on the sample. Software was then usethterpolate between hardness
measurements and create the color image. Thetgdsulweld A and B are shown in

Figure 2-2.

Weld A Hardness Map Weld B Hardness Map

m—
2000 2000

4000 4000
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Minimum
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6000 6000

8000 8000

10000 10000

5000 0 5000 10000
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10000

BT 1 1
180 200 220 240 260
DPH Hardness

Figure2-2: Microhardness maps of weld A and weld B.

It was determined from the onset that notch locatiould be weld positional as
opposed to testing a specific microstructure asB®r7448 part 2. This means that
notches would be placed with respect to a refergrsion, like the weld centerline.

The chosen locations were the weld centerline atheancing side hardened region, and
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the TMAZ/HAZ. In order to locate these featuressuilts from the hardness maps were
utilized. Locations of maximum hardness for welcdaAd B were located at the root of
the pin on the advancing side of each weld (Fidi#&) and were determined to be the
location of the advancing side hardened regiomhe locations of lowest hardness were
in a tempered region outside the weld at mid-theden and were assumed to be the
TMAZ/HAZ. Notches were therefore fabricated in quant tension samples that would
drive a crack along these regions. The crack glame shown as vertical lines in Figure

2-3.

| ADVANCING SIDE HARDENED REGION |

CENTERLINE \ \

\‘
| ‘
L
i

| ADVANCING SIDE HARDENED REGION l

i CENTERL\NE:

by
A

[ TMAZ/HAZ |

e | g
[ —

Figure 2-3: Crack planesfor weld A (top) and weld B (bottom).
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In order to successfully machine the compact tensamples with their notches
on the desired plane, the following procedure wdzed. A small reference notch was
first machined into the surface of the weld at awn distance from a datum in the parent
plate. A transverse sample (that included theregfce notch) was then removed from
the weld, polished, and etched. Under a microscdigéances were then measured from
this reference notch to the centerline, the hardeagion on the advancing side, and the
advancing side TMAZ/HAZ. These distances, addeth¢ distance to the datum, were
then used to machine the compact tension sampthswaiches in each respective region.
Notch placement was later verified by polishing @&bching the back face of each side-

grooved compact tension sample. These are presgnkegure 2-4.

Centerline Advancing Side Hardened TMAZ/HAZ — Advancing
Region Side
Weld B

Centerline Advancing Side Hardened TMAZ/HAZ — Advancing
Region Side

Figure 2-4: Macrographs of polished and etched back faces of compact tension samples showing
crack plane placement for both weld A and B. The crack plane is represented by the area of
minimum thickness between side grooves.
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232 All Weld Tensile Samples

Additionally, tensile tests of samples made fromldwenaterial were also
conducted. This was done to acquire yield andnalte tensile strengths required for
calculating J and to gain insight into tensile gndies through the thickness of the weld.
These were constructed in accordance with ASTM iBwere sub-size specimens and
dimensions. They were also constructed in sucla@ner that they were made from only
welded material. First, a blank was cut in thepghaf the profile of a tensile sample
longitudinal to and centered on the weld centerlir®lices approximately 1 mm thick
were then made (using EDM) through the thicknesthefweld until no more samples
could be cut.

Tensile tests were conducted for both sets of waldmeters, as well as for base
metal. A total of twenty samples were tested:r fion base metal and eight for each set
of weld parameters. For each sample, the yield dtichate strengths were recorded.
After failure, the distance between a set of markginally 25.4 mm apart was measured
and an estimate of the elongation was also recorded

During the analysis, it became necessary to olgatimates of yield strength
along each crack plane through the thickness. ifeessmples from the above tests were
wide enough to encompass material from multiplelcialanes, and tensile data from
these samples could not be used as representétindividual crack planes. Therefore,
it was required that the through thickness hardréssg each crack plane be used to
estimate the yield stress. This was done accotdipgiblished methods [12] and utilized
the strain hardening coefficients calculated fréva $tress-strain records from the above

mentioned tensile tests.
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24 TestingHardware

All tests (both toughness and tensile) were coretuat laboratory air at room
temperature. They were conducted on a servo-hidrenstron machine (Figure 2-5).
The controller and function generator software Westarll (version 4.0D). MTS ASTM
1820 fracture toughness testing software was us@dogram and conduct the toughness

aspect of the tests, and initially analyzaaldata.

Figure2-5: Test setup.

An MTS COD gauge was calibrated and installed tcasuee the load line
displacement during testing. Clevises used to kb@dcompact tension samples were
manufactured as per ASTM 1820. Additionally, Idashring surfaces were lubricated
with anti-seize between uses to reduce frictioru@sg an accurate measurement of

compliance.
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25 Test Procedure

All toughness tests were conducted in accordante A8TM 1820 and BS 7448.
The general procedure was as follows:

1. Fatigue Pre-Crack

2. Side Groove

3. Obtain JAa Data

4. Heat Tint

5. Fatigue to Failure

6. Post-Test Analysis

The results of this procedure produce what is daleesistance curve, or a plot of
toughness (J) vs. crack extensia@a). Analysis of the data divides it into two reagso
blunting and crack extension. The initiation tongss is the value of J where blunting
transitions to crack extension. In other wordstepresents the maximum amount of
energy that is removed by deformation at the ctgzkrom being made available for
crack extension. Figure 2-6 shows the qualifigtiaition toughness, orgJis estimated
by intersecting of a linear curve fit ofAR data with the blunting line. For ASTM 1820
and BS 7448, a power fit of theA& data is intersected with a line parallel to thanting
line and offset by 0.2 mm.

There are a number of methods used to acquire -tkee data required for an
adequate estimation of the initiation toughnesgure 2-6 shows three common methods
of producing JAa data. The data set labeled ‘Heat Tint,’ is atiplel sample method in
which a single sample is loaded and unloaded omtg pand crack extension is measured

directly after heat tinting and exposing the fraetisurface. Therefore, in order to
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produce a sufficient da data, many samples are needed. While thisiiseadonsuming
process, it is generally the more accepted methdde other two methods are single
sample methods in which a single sample is loadeldualoaded many times, producing
many JAa pairs. These methods require some way of me@stine crack extension
indirectly at each load cycle. The electrical pdied method correlates a drop in voltage
applied across the sample to crack extension. eldstic compliance method correlates a
change in elastic compliance to a crack extensidiigure 2-6 also shows that the

initiation value of d estimated by each method remains nearly the same.

Crack extension, Aa, in
0 .01 .02 .03 .04 .05 .06 .07

| | | [ [ o 1 2000
Blunting line
0.30 |- Heat tint
— 1500
Electrical potential
e P
£ Compliance c
> 020 3
= —{1000 =
~ e Heat tint (8 specimens) ~
. 1 -
HY-130 steel _o_ Etlarztp:li::aarlme (1 specimen)
0.10f 75°F (297°K) ;emiat (1 specimen) —1s00
IT-CT specimen P
Jic range: 760 to 800 in-Ib/in?
(.13 to .14 MN/m)
| | ] | | |
0.5 1.0 1.5

Crack extension mm

Figure 2-6: Resistance curves produced using three different methods for monitoring crack
extension [13].

The elastic compliance method was used to monrtrkcextension for all tests
in this study. This was done to save time andrefio producing compact tension
samples, as only a single sample is required tcergém a resistance curve. More

importantly, it was chosen because a single specitest can provide information on
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material homogeneity [5]. Since it was known frahe onset that the weld is not
homogeneous, the results should therefore reflechbn-homogeneity and show which
portions of the weld are more susceptible to crextension. This was an important
benefit of using the single sample compliance nebth@cause the primary purpose of
this study was to gain a preliminary understandifigghe fracture characteristics of
friction stir welded HSLA-65; this method provid#dtht information.

While use of the compliance method requires only sample for generation of a
resistance curve, BS 7448 requires three sampldse ttested to varying final crack
extensions for the generation of a single resigtameve. For each of the three samples,
one is tested up to the crack extension limit, lagoto 50% of the crack extension limit,
and a third between a crack extension of 0.1 mmQaBdnm. The data from these three
samples are then combined. Doing this weightsdtta towards the transition region
between blunting and crack extension when fitteith @ipower curve, in turn supplying a
better estimate of the initiation toughness parametlt also produces an adequate
number of data points within the qualified regi@amd provides information about the
crack front.

Once collected, the d4a data must be qualified. General requirementthertest
equipment, machining tolerances, fixture alignmésgt rate, and temperature must all be
within acceptable limits. Since the compliance hodt is an indirect estimate of the
crack extension, it assumes uniform and straightkcrextension at each load/unload
cycle in order to correlate a change in compliatacerack extension. Therefore, both
ASTM 1820 and BS 7448 place requirements on cremit straightness and uniformity,

from start to finish, when utilizing the complianoeethod to estimate crack length and
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crack extension. If crack extension is not unifaymstraight, the estimate o6& by this
method is inaccurate, as well as any estimate eirtiiation toughness from that data.
When all these requirements have been mas dalculated and qualified by its own set
of requirements. Finally,qJmay qualify as a thickness independent value adtéire
toughness, org if the thickness (B) and original remaining ligamh (ky) are greater

than |y calculated in Equation (3).

min 3

The initiation toughness,qJwas compared in order to determine quantitative
toughness differences between welds and crack ptaragions. It was also used to
provide initial insight into the stress-strain cdmh of the crack tip by Equation (3).
Furthermore, use of the compliance method to moeitack extension in heterogeneous
weld material provided information into the cragkimechanism and weld weaknesses

through analysis of the crack front appearance.
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3 Resultsand Discussion

3.1 TensleTest Resaults

Results of the longitudinal all-weld metal tendiésts are shown in Figure 3-1.
Both welds A and B exhibit ultimate and yield sggnminimums at the mid-thickness of
the plate where the two weld passes overlap. dnrEi3-1A, the yield strength in both
welds A and B at the mid-thickness are 20% and @¥J6vb that of the base metal,
respectively. Within two millimeters of either sidof the mid-thickness, the yield
strengths in both weld passes exceed the base avetage. Through thickness ultimate
strengths in both welds are above the base metahge, shown in Figure 3-1B.

Ultimate and yield strengths in both welds increisen the mid-thickness to a
maximum at the weld surfaces. The differences eximum and minimum yield
strength from mid-thickness to the surface are @& for the first weld pass and 380
MPa for the second weld pass for both welds A and Biese values represent an
increase of roughly 45% and 68%, respectively, twzse metal. The ultimate strengths
in Figure 3-1B are roughly 13% higher at mid-thieks, and increase to a maximum of
35% and 41% at the surface of the first and seea#ld passes respectively, relative to
the base metal.

Tensile elongations, shown in Figure 3-1C, exhanitinverse relationship to the

ultimate and yield strengths. This relationshighewn in Figure 3-1D. Elongations for
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both welds were higher in the first weld pass ttte@second, and weld A was generally

higher than weld B.
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Figure 3-1: Through thicknesstensile propertiesfor weld A and B. (A) yield strength, (B) ultimate
strength, (C) elongation, and (D) a plot of yield strength versus elongation.

From the data shown in Figure 3-1A and C, it app#aat the first weld pass was
tempered by the second weld pass. This is eviggmeduction in yield strength at the
surface of first pass relative to the second p&smparing points at 2 mm and 8 mm in

Figure 3-1A, weld A exhibits a 11% decrease anddwela 13% decrease in yield
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strength. Similarly, weld A shows a marginal irase of 6% in tensile elongation in the
first pass relative to the second, while weld Bréases by 45% (Figure 3-1C). This
increase in elongation is likely due to weld B lgegonducted at a higher RPM and the
effect this had on the stirred material, since iBighe only parameter that changed

between welds.
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Figure 3-2: Difference of ultimate and yield strengths through the thicknessfor welds A and B.

The difference between ultimate and vyield strengiere plotted against
thickness in Figure 3-2 for welds A and B as andation of the material’s ability to
strain harden. In the second weld pass, therdiffee was similar to base metal: about
50 MPa. By mid-thickness however, the differemueréased by 205 and 154 MPa for
welds A and B, respectively. This represents &4aad 305% increase for welds A and
B, respectively. A large difference between yialdd ultimate strength indicates a
greater capacity to strain-harden. This removeainstenergy available for crack

extension. Since J-integral tests include de#bion at the crack tip, the increase in the
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difference between ultimate and yield strengthsnfsecond pass to first was anticipated
to affect toughness and crack extension throughvidld material thickness. Given these

results, higher extensions were anticipated orsétend weld pass side than on the first.

3.2 Crack Plane Microhardness

In order to correlate hardness to toughness, thénkas data in Figure 2-2 and
Figure 2-3 needed to be reduced to hardness atdlok plane. Three adjacent columns
of data approximately centered about each vetiilwalin Figure 2-3 were removed from
the rest of the data set. The three columns wene averaged together for each row to
provide an estimate of the hardness of the craekeplthrough the thickness. This

process is illustrated in Figure 3-3 for the advagide hardened region of weld B.
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Figure 3-3: Process used to deter mine aver age crack plane hardness.

Average hardness was then plotted against thickonessach weld. Additionally,
horizontal lines representing the maximum and mimmbase metal hardness of 221 and

174 were also plotted for comparison. Since sid®\wes were implemented, data at the
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edges were removed and Figure 3-4 represents thindss through the reduced

thickness at the crack plane.
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Figure 3-4: Hardness across each crack plane and for weld A and B. (A) centerline, (B) advancing
side hardened region, (C) TMAZ/HAZ, and (D) base metal.

Results shown in the through-thickness hardnessdraf Figure 3-4 demonstrate
similar trends as those seen in through-thicknessile properties. All crack planes
showed minimum hardness at mid-thickness. Addaign maximum hardness was at

the edges of the sample, and correlate to maximighd yand ultimate strengths and
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minimum elongations. Centerline hardness tracdsgare 3-4A show an average 10%
and 7% decrease in hardness from second weld padsst for weld A and B
respectively. This parallels the yield strengtlerdase of 11% and 13% for welds A and
B respectively.

Figure 3-4 also shows that the welded samples baak plane hardness similar
to the base metal at mid-thickness. The presehamaterial at mid-thickness with
hardness and tensile properties similar to basalnseggests that this location would
have higher toughness and would show propertiedasino base metal. Conversely,
harder and stronger material flanking the mid-th&ss region would decrease the ability
of the edge material to work harden, leaving marergy available to drive a crack.
Crack extensions were therefore anticipated to igheln at the edges than at mid-

thickness.

3.3 J-Integral Fracture Toughness

As described in Section 2.5, J integral fractutggtmess tests were conducted per
both ASTM 1820 and BS 7448. Resistance curvesrgttefrom collected da data
were analyzed per ASTM 1820 and BS 7448 to estirttegeinitiation toughness.J
Figure 3-5 lists the qualified initiation toughnesalues (J) for each weld with a
corresponding photograph of crack location. Rasis# curves used to generate these

values are included in Appendix C.
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157 kPa-m 58 kPa-m 141 kPa-m

Weld B

176 kPa-m 88 kPa-m 171 kPa-m

Figure 3-5: Initiation toughness (J,) and associated crack plane.

The J values were then compared to base metal initidbaghness, 235 kPa-m,
and presented in Table 3-1 and graphically in E@@#6A. These show that friction stir
welding resulted in material with lower toughnesart base metal. However, increasing
the rotational speed from 340 RPM in weld A to £49M in weld B increased toughness

on all crack planes.

Table 3-1: Comparison of initiation fracture toughness.

Jq % of Base Metal | % Increase From
(kPa-m) Toughness Weld A to Weld B
Base Metal 235 N/A N/A
< Centerline 157 66.8% N/A
= ASHR* | 58 24.7% N/A
= TMAZ/HAZ 141 60.0% N/A
m Centerline 176 74.9% 12.2%
= ASHR* | 88 37.4% 50.4%
= TMAZ/HAZ 171 72.7% 21.5%

*Advancing Side Hardened Region
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To determine if Jqualifies as the plane strain initiation toughndsseach J was
used in Equation (3) and compared against therbik (B) and remaining ligameng)b
By this proceduregJqualified as the plane strain initiation toughnfssall samples. As
such, the plane strain fracture toughnessg (r Kic determined from,d) was estimated
using Equation (4).

_ [ JE

Kic = a-v?) (4)

WhereE is the modulus of elasticity (assumed to be 20&)G&ndv is Poisson’s

ratio (assumed to be 0.3). ;Kfracture toughness values are presented in TaBlargl

graphically in Figure 3-6B.

Table 3-2: K¢ Fracture Toughnessfor Welded Samples.

Kiic

(MPa-m*?)
Base Metal 232
Centerline 189

ASHR* 115
TMAZ/HAZ 179
Centerline 200
ASHR* 141
TMAZ/HAZ 197

*Advancing Side Hardened Region

Weld B{Weld A

The increase in toughness from weld A to weld B diestrates the dependence of
fracture properties on weld parameters (see Figie The results of Figure 3-1 show
an average increase in yield stress for welded kmmSince an increase in yield stress
typically reduces toughness, it is little surprisat base metal toughness exceeded weld

metal toughness for both sets of parameters. Heryeéensile and hardness properties
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for both welds were similar, yet a significant diftnce in toughness was measured
between weld A and B for all crack planes. Paramsetelating to toughness (i.e.

thickness, temperature, etc.) were constant fortestts and only the weld RPM was

changed. This suggests that the increase in t@sghinom weld A to B is related to the

stirring process, and points to microstructure hlsedy difference between welds.

Jq For Each Crack Plane and Weld KJIC For Each Crack Plane and Weld
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Figure 3-6: Comparison of both the J, (A) and K¢ (B) toughness parameter sfor each weld and for
each crack planetested.

Jy. Jc, and Kyc results were subjected to the qualification regmients of both
ASTM 1820 and BS 7448 as described in Section 12.6rder to be further validated.
Qualification requirements pertaining to the tegtipment, machining tolerances, fixture
alignment, test rate, and temperature were all melditional qualification requirements
applying to the adjustment of J-a data and detextion of § were also met. However,
weld material heterogeneity caused uneven craaktdrand irregular crack extension.
Since both standards require straight and unifa@ekcextensions, qualification of ds
Jc warrants further scrutiny. Therefore, a thorougjecussion of the crack front
characteristics and qualification requirementsofel.

29



3.4 Crack Front Characteristics

Figure 3-7 reports the final crack length extensifnom the fractured samples
that were tested to 100% of the crack extensioit.litln accordance with both standards,
nine measurements of the initial and final cragkgte were made at locations equally
spaced through the sample thickness. These weredibtracted to producea. The
plots in Figure 3-7 compare the crack extensiodif@ate) to the nine locations through
the thickness (abscissa). Measurements 1 threr plertain to the second weld pass,

measurement 5 is at mid-thickness, and 6 thru @spond to the first weld pass.

" Centerline " Advancing Side Hardened Region
11 B wWeld A 11 B weld A
= Weld B E —=- Weld B
10 —— Mid-Thickness | 10 —— Mid-Thickness |4
g q
g g
= 7[ = i
E g E g
o il
4 5 < 5 q
4 4 1
3 3
? : ;\@‘\9,_@/E
1 1 1 E
0 Second yeld Pags L L (Firstiie|d Pass 0 Second iWeld Pags L . (Firstiie|d Pass
1 2 3 4 k] a] 7 g 9 1 2 ] 4 k] G 7 g 9
Masurement Measurement
(A) (B)
" TMAZHAZ " Base Metal
1 B wield A 1 -H- Base Metal ]
—=+ WeldB —— Mid-Thickness
10 —— Mid-Thickness | 10 R
] ]
g g
I i I i
E g E g
@ ©
< 5 ] < 5 i
i
4 1 4 E
] ’ ]
] d ]
2 1 2 2
1 1 1 E
0 Second Weld Pass ) ) First'Weld Pass 0 Second Weld Pags ) ) First'Weld Pass
1 2 3 4 k] a] 7 a8 g 1 2 &) 4 1] ] 7 ] g
Measurement Measurement
(o) (D)

Figure 3-7: Crack extension measurementsfor samplestested to 100% the crack extension limit. (A)
centerling, (B) advancing side hardened region, (C) TMAZ/HAZ, and (D) base metal.
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Since the final extent of the crack depended upomination of the test when a
desired maximum crack extension was reached, @dis tterminated at similar crack
extensions may be compared. Table 3-3 reportfirthecrack extension reached by the
samples presented in Figure 3-7. The base mettd, dlvancing side hardened region,
and the weld A TMAZ/HAZ samples have similar estiethfinal crack extensions, and
may be compared. The weld centerline samples tezrsinated 0.8 mm apart, and
accounts for the difference between the two sampiefigure 3-7A. Figure 3-7,
therefore, is presented here as a means to corttpahape of the final crack, and not

necessarily the final extent of the crack.

Table 3-3: Test Termination Crack Extension Limits.

Aa (mm)

Base Metal 2.92

< Centerline 2.87
- ASHR* 2.97
= | TMAZHAZ 2.99
m Centerline 2.06
- ASHR* 2.95
= | TMAZHAZ 251

*Advancing Side Hardened Region

34.1 Crack Front Qualification Requirements

The observed crack fronts of Figure 3-7 were subgeto additional requirements
in order to further qualify the da data reported in Appendix C. Table 3-4 shows how
the observed crack fronts fared in relation to thualification requirements of both
ASTM and BS standards. The qualification requirete@re categorized across the first

row of Table 3-4. The categories where sampledetno fail are the correlation
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coefficient for the Data Adjustment, Crack Extemsi&inal Crack Extension Estimate,
and Final Crack Front Straightness.

The Data Adjustment requirement applies a polynbeuave fit to the J-a data
(see ASTM 1820, Section A9.3) which provides aisight estimate of the initial crack
length (@) to calculateAa. J is very sensitive to this estimate and the cotiia
coefficient therefore must be greater than 0.96wéler, because it was not known from
the beginning when the material would initiate &mg, J-a data from very low loads
was collected and included in the curve fit. Cktan of both J and a are very sensitive
to load, and the subsequent data at low load lasedsattered, reducing the correlation
coefficient. To address this, error from the aligestimate of crack length was assumed
mitigated by the abundance of qualified data frdmee different samples used to
estimate of (] Also, since no correlation coefficient was beldwl and the initial crack
length estimates met qualification requirementtaxagion of this requirement seemed
justified.

The Crack Extension, Final Crack Extension Estimated Final Crack Front
Straightness requirements pertain to the final kedlaagths, and are briefly described
here. The Crack Extension category stipulated #tlahine measurements of crack
extension were the same within a given percentdde Final Crack Extension Estimate
category relates to how well the final crack exiemsvas estimated by compliance when
compared to the physical measurement of extensitre Final Crack Front Straightness

category required the final crack length to beigltawithin a certain percentage.
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Table 3-4: Quialification requirementsresults by standard.

Initial Crack Initial Crack . Final Crack Final Crack
Data Adjustment Spacing Estimate Front Crack Extenszion Extension Front
Straightness Eztimate Straightness
ASTH Only ASTh BS JASTM| BS | ASTM | BS | ASTHM BS ASTM | BS ASTH Only
29332 A9.4
More than 3
Points hetwesn abs{al- AsBAand| ool aaa (1032|0411 |aazle151| saz |arszliozs| 914z
R=086 0.4JGand o A9EEE
andtotal g | FOE0TW Final fa
Sample points = 5 (Estimated)

2 Fail Pasz Pazs Pazs Pazs | Pass | Pass |Pass| Pass |Mon-Uniform| Pass | Pass Fail 292
Baze Metal 3 Fail Pass Pazz Pazz |Paszz| Pazs | Pass | Pasz |Pazs| Fail |Mon-Uniform| Pass | Pass Fail 161
4 Fail Pasz Pazs Pazs Pazs | Pass | Pass (Pass| Fal |Mon-Uniform| Fail | Pass Pazs 0.56
1 Pazsz Pasz Pazs Pazs Pazs | Pass | Pass |Pass| Pass |Mon-Uniform| Pass | Pass Fail 287
Centerling 2 Pass Pass Pazz Pazz |Pazz| Pazs | Pass | Pasz |Paszs| Fail |Mon-Uniform| Pass | Pass F il 154
4 Pazsz Pasz Pazs Pazs Pazs | Pass | Pass |Pass| Fail |Mon-Uniform]  Fail Fail Fail 1.37
o | Advancing 2 Pass Pass Pazz Pazz Pazz | Pazs | Pass |Pazs| Fail [Mon-Uniform]  Fail Fail F il 2a7
% Ha?-:lliened 3 Pazsz Pasz Pazs Pazs Paszs| Pass | Pasz | Paszs [Pass| Fail |Mon-Uniform| Pass | Pass Fail 1.4
= Fegion 4 Pazsz Pasz Pazs Pazs Pazs | Pass | Pass (Pass| Fail |Mon-Uniform| Pass | Pass Fail 0.53
1 Fail Pasz Pazs Pazs Pazs | Pass | Pass |Pass| WM& |Mon-Uniform| REA [gEL I, 1.80
ThAZHAT 2 Pass Pass Pazz Pazz |Pazz| Pazs | Pass | Pasz |Pazs| Pass |Mon-Uniform| Pass | Pass Pass 2489
3 Pazsz Pasz Pazs Pazs Pazs | Pass | Pass |Pass| Fail |Mon-Uniform]  Fail Fail Fail 0.53
3 Fail Pasz Pazs Pazs Pazs | Pass | Pass (Pass| Fail |Mon-Uniform| Pass | Pass Pass 0.45
Centerling 5 Pass Pass Pazz Pazz |Pazz| Pazs | Pass | Pass |Paszs| Fail |Mon-Uniform| Pass | Pass F il 214
f Pass Pass Pazs Pazs Pazz | Pazs | Pasz |Pazs| Faill |Mon-Uniform] Pass | Pass Fail 206
m | Advaneing 1 Pass Pass Pazz Pazz Pazz | Pazs | Pass |Pazs| Fail [Mon-Uniform]  Fail Fail Fail 254
% Ha?é':_ened 2 Fail Pasz Pazs Pazs Pazs| Pass | Pasz | Paszs [Pass| Faill |[Mon-Uniform|  Fail Fail Fail 2495
= Fegion 4 Fail Pazs Pasz Pasz Pazz | Pazs | Pass |Pass| Fail [Mon-Uniform]  Fail Fail Fail 073
0 Pazsz Pasz Pazs Pazs Pazs | Pass | Pass |Pass| WM& |Mon-Uniform| REA [gEL I, 2480
TMaAZHAL 2 Fail Pass Pazz Pazz |Pazz| Pazs | Pass | Pasz |Pazs| Pass |Mon-Uniform| Pass | Pass Pass 152
3 Pazsz Pasz Pazs Pazs Pazs | Pass | Pass |Pass| Fail |Mon-Uniform]  Fail Fail Pass 0.55




Figure 3-7 shows why the samples failed requiremanthese categories: crack
extensions were highly irregular and non-unifor@rack front irregularity is most likely

due to a number of competing factors and necessifatther analysis and discussion.

3.4.2 BaseMetal Samples

Figure 3-8A shows the base metal sample that wasrtated at maximum crack
extension. Crack fronts were cusped with highdemsions at mid-thickness (Figure
3-7D). The base metal sample terminated bet@eemm and 0.3 mm crack extension
exhibited the same characteristic. Examinatiothefmicrohardness map (Figure 3-8B)
revealed only slight variation in hardness throtlghthickness of the sample (maximum
=221, minimum = 174, average = 193). Figure 3s8Bws that a majority of the softer
material is located at mid-thickness and is flankgdharder material at the edges. It
would follow then that lower extensions would besetved at mid-thickness where

hardness is lower. But since the opposite was tihner factors were at work.

Base Metal

Distance {pum)

Distance (um)

(A) (B)
Figure 3-8: (A) base metal fracture surface. (B) base metal hardness map.
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The stress-strain condition affects the appearahtiee crack front. Because the
gualification requirements of both ASTM 1820 and B&18 were not met, the plane
strain condition determined by Equation (3) warsasdrutiny. To determine the stress-
strain condition at the crack tip, the following ttmed was utilized. Since this analysis
applies equally to the welded samples, they arkidied here with the analysis of the
base metal samples for discussion later.

In order to resolve differences between crack @dhat the tensile data in Figure
3-1 does not provide, the through thickness Vickersiness measurements reported in
Figure 3-4 and strain hardening coefficients edithdrom tensile tests were used to
estimate yield stress (Appendix D). The hardressed estimate of yield stress was
then combined with the estimateq,iK(Table 3-2) to calculate the plane stress plastic
zone radius in Equation (5). Theth (vas set equal to zero, limiting the analysishi® t

crack plane.

2

cos g(1+ 3sin gj 5)

2
27T0'yS

The calculated radii were then divided by samplektiess. By calculating the
ratio in this manner, it can be determined whethwearot sufficient material existed in the
thickness direction to cause the plane stress tiondat the edges to transition to plane
strain at mid-thickness. Generally, if the sanpliekness is less than or equal to the
plane stress plastic zone radius, a plane stresditmm can be assumed through the
thickness. Also, sufficient material exists to ued plane strain conditions when the
thickness is ten times the plane stress plastie zadius [13]. Therefore, ratios greater
than one were assumed to indicate plane stresstiomsd while ratios less than 0.1 were

assumed to indicate a plane strain condition. @hesults are presented in Figure 3-9.
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5 Centerline Advancing Side Hardened Region
= weld A = weld A
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Figure 3-9: Ratios of plastic zoneradiusto thickness plotted against the through thickness dimension
for each weld and (A) centerline, (B) advancing side hardened region, (C) TMAZ/HAZ , and (D)
base metal samples.

The stress-strain condition determined by thesesras limited. For example,
Figure 3-9A shows ratios near 0.75 at the surfdcéh® second weld pass for both
samples, indicating a mixed mode plane stress-pdtnaén condition. But since it is at
the free edge of the sample, a plane stress condgi known to exist. Therefore, the
ratio of 0.75 does not describe the stress-strandition at this particular location near
the edge. Rather, it describes the stress-stoaiditton of a theoretically homogeneous

sample that has the same yield strength as thaitog and has the same thickness used
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to calculate the ratio. In other words, since amlgiscrete yield strength from a specific
location within the thickness was used to calculgieand therefore /B, the ratio
describes the stress-strain condition as if théreeiiickness had that particular yield
strength.

Despite this limitation, this analysis still provedeful. For a homogeneous
sample, a ratio greater than one means that pla@asssconditions exist everywhere
through the thickness. Similarly, a ratio gredt@mn one at a discrete location implies the
sample had insufficient thickness to reduce thestglazone size associated with that
particular yield strength, resulting in plane stresnditions. Therefore, a ratio greater
than one equates to plane stress, regardless tfdson within the thickness where the
yield strength was measured. Additionally, sirfeese ratios infer how much thickness is
required to reduce the plane stress condition et edge to a plane strain condition at
mid-thickness, ratios located near mid-thickness r@presentative of the stress-strain
condition unlike ratios calculated at the edges.

It is apparent from Figure 3-9D that plane stremsddions dominated in the base
metal samples, and the observed crack fronts im&se metal samples were primarily a
result of this condition. A plane stress conditcauses the fracture plane to align itself
to planes at 45° angles to the thickness and Igadirections. This produces a shear
type failure, and associated shear lips. In typicaerials, a cusped crack front results as
the flat fatigue precrack transitions to 45° pland$e cusp terminates when shear lips
converge with each other at mid-thickness.

Observed shear lips were much smaller than th&rtegs dimension; however,

and did not converge at mid-thickness. Smalleashps are expected in ferritic steels
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like HSLA-65, and measured approximately 0.75 mmewviNonetheless, the plane stress
condition of these samples still forced the cralene to transition to 45° planes, and the

observed cusped crack front was produced as eed#re plane stress condition.

34.3 Weld Centerline Samples

The weld centerline samples exhibited non-uniforack growth (Figure 3-7A).
Higher final crack lengths were measured on thersgeveld pass compared to the first
weld pass (Figure 3-7A) for both weld A and B. Strend is the same as those observed
for yield and ultimate tensile strengths (Figuré@AB-and B) and the crack plane hardness
(Figure 3-4A).

The observed crack front was a result of planesstomnditions at the crack tip
and variation in the through thickness vyield sttengFigure 3-9A shows that a lower
yield strength at mid-thickness produced matefat tis in plane stress, resulting in
increased toughness which reduced crack extensibigure 3-9A also shows that the
reduction of yield strength due to overlapping wplisses increased the plastic zone
radius between weld passes for both weld A anch&geasing toughness and reducing
extensions. Noting the limitations described poasly for Figure 3-9, the free edges of
the sample must have been in plane stress; butadugcreased yield strength at the
edges, the plastic zone was smaller, toughnessadased, and extensions were higher.

Additional evidence of the change in stress-stiehavior through the thickness
of the centerline samples is shown in Figure 3-8&M analysis of the fracture surface
revealed an increase in deformation dimple sizenftbe second weld pass (20 to 50
microns) to the first (20 to 80 microns). Thessuits correlate with lower yield stress,

higher plasticity, higher toughness, and lower esitens in the first weld pass.
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20,0V X500 20pm i ¢ AR
2nd Weld Pass 15t Weld Pass

Figure 3-10: Weld centerline fractographs comparing defor mation dimples of weld passes (500x).

3.4.4 Advancing Side Hardened Region Samples

The advancing side hardened region proved to beetfien of lowest toughness.
These samples showed irregular and uneven cragdasgns, but to a much greater
degree than other samples. Second weld pass evdeksions exceeded first pass
extensions by about 7 mm, the largest differencgeded in this study (Figure 3-8B).
This is equivalent to a 250% increase over firdovpass crack extensions. Additionally,
the location of highest extension corresponded withlocation of highest hardness on
microhardness maps (Figure 2-2) and the stir zdviéAa interface at the root of the pin
in the second weld pass.

The relationship between the observed crack frgopearance and tensile
properties was not as obvious as the centerling@lesm Figure 3-11 presents the through
thickness difference of ultimate and yield stresg(A) next to the plot of final crack
extension (B). Comparison of these figures shovesd crack extensions where the
difference was high, and vice-versa. Plotting kragtensions against the difference in
ultimate and yield strengths verified an inverdatirenship (Figure 3-11C and D).
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Figure 3-11: Comparison of Figure 3-2A and Figure 3-7B. Plots comparing difference in ultimate

and yield strength vs. final crack extension for weld A (C) and weld B (D).

This relationship gives insight to the cracking meusm and how it was

different from other samples. Figure 3-9B and Higua(5) show that high yield

strengths reduced plastic zone size. Additiondhg, small difference in ultimate and

yield strengths in the second weld pass (Figurd8)Implies that as the local stresses

within the plastic zone increased, the ultimatersgth was quickly reached, and crack

extension occurred. This combination of reducextat zone size and small difference



in ultimate and yield strengths indicates reducadttire toughness, resulting in increased
crack extensions.

Conversely, on the first weld pass, a reductiogielld strength was obtained by
overlapping weld passes while maintaining a neadgstant ultimate strength. This
increased the difference in ultimate and yieldrgjtk nearly five fold. When the sample
was loaded, high local stresses ahead of the eramdeded the yield stress, but the first
weld pass was able to develop a larger plastic andehad more ability to strain-harden.
Therefore, strain energy that was available toalthe crack on the second weld pass
side was removed by strain hardening on the fiedtypass side. A larger plastic zone
and greater ability to strain harden delayed failuncreased toughness, and reduced
crack extension. Thus the observed crack front prasluced: much higher crack
extensions on the second weld pass side than dirghe

Despite having similar through thickness propertiks final crack length shapes
were quite different for the weld centerline andaatting side hardened region samples.
The centerline and advancing side hardened regimples had similar through thickness
microhardness traces (Figure 3-4) and shared ndalgame through thickness tensile
properties. Yet the centerline samples had crachkt$ that paralleled the through
thickness yield stress and the advancing side hatdeegion samples showed an inverse
relationship to the ability to strain harden. Treason for this behavior is related to the
stress-strain condition of the crack tip. The axwag side hardened region samples
showed a mixed mode stress-strain behavior (Figt8B) which differed from the plane

stress behavior demonstrated by the centerline lsamp
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The transition from plane stress could only haveua@d as a result of only a few
factors. Typically, transition from plane stresspiane strain can be brought on by a
reduction in temperature, an increase in samplkiless, or by a detrimental thermo-
mechanical process. These methods all act to plagtic strain within the plastic zone.
However, the test temperature and specimen thiskmeesained constant for all samples.
Therefore, the mixed mode stress-strain conditithseoved in the advancing side
hardened region samples is attributable to thertbenechanical process of friction stir
welding and its effect on the material at this toma

Like the centerline samples, the relative amouritscrack tip deformation
exhibited by the second weld pass compared to itisé Wwere confirmed by SEM
analysis. Figure 3-12 shows SEM fractographs efdtlvancing side hardened region
fracture surface. Analysis of these samples shoavelegcrease in deformation dimple
size from first to second pass. Dimple sizes rdrfgem 1 to 2 microns on the second
weld pass side, and 2 to 5 microns in the firsh fdct, these were the smallest
deformation dimples of all samples. The small ©iz¢hese dimples strongly suggests
limited plastic deformation and the mixed stresaistbehavior in the advancing side
hardened region samples.

The weld B advancing side hardened region sampégs @also the only samples to
demonstrate any instability in crack extension.e Tnstable crack growth was arrested,
did not cause failure of the sample, and testingioaed until a final crack extension was
reached. It is noted here that the unstable crpokvth occurred after stable crack
growth per ASTM and BS standards, and thereforeirthiation toughness calculated for

the weld B advancing side hardened region samglssllivalid. However, an additional
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value, J was calculated for these samplegrepresents the value of J at which instability
is likely to occur after the onset of stable tegrinFor the weld B advancing side

hardened region samples, this value is 104 kPa-m.

1st weld pass

Figure 3-12: Comparison of first and second weld pass defor mation dimples for the advancing side
hardened region samples (3000x).

345 TMAZ/HAZ Samples

TMAZ/HAZ crack extensions were non-uniform, but theal crack front was
nearly straight (Figure 3-7C and Table 3-4). Asveh in Figure 3-13, a slight curvature
of the initial fatigue precrack existed, but eackasurement was within 10% and 20% of
the average and considered straight by both ASTWMB® standards, respectively. The
final crack front was also straight. However, &agtensions (or the difference between
final and initial crack lengths) were higher at #ages than at mid-thickness, and varied
through the thickness enough to be considered ndofm. Hence, straight initial and

final crack fronts were reported, in addition tonamiform extension. Similar to the
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advancing side hardened region, this result alsmsted from through thickness tensile

properties and the stress-strain condition of thelctip.

TMAZ/HAZ Inital and Final Crack Lengths
30 : : : : .

—= Initial Crack Length
- Final Crack Lenath

Crack Length, mm
ra ) [} o]
[mx} -l [um) (i)

oul
(3]

24

Measurement

Figure 3-13: TMAZ/HAZ initial and final crack length measurements.

The mid-thickness vyield stress and hardness ofMAZ/HAZ samples were at
or below the base metal minimum (Figure 3-1A arguFe 3-4C). This resulted in plane
stress conditions prevailing at mid-thickness esthsamples (Figure 3-9C). Figure 3-9C
also shows that the TMAZ/HAZ samples had ratiosagrethan one through most of the
thickness, and were the highest for the welded &npGiven that edge interaction is
not accounted for in Figure 3-9C, the crack fromtsviikely in plane stress through the
entire thickness. Despite having plane stressitond similar to the base metal and
centerline samples, the crack front appeared miifdreht than these other samples.

At mid-thickness, the TMAZ/HAZ samples functionedma like the base metal
samples. Mid-thickness crack extensions were driwe the tendency of a material to

transition from the crack plane to 45° planes iangl stress. However, unlike the base
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metal samples, the TMAZ/HAZ samples increased eétdystrength and hardness towards
the edges, much like the centerline samples, (Big+lA and Figure 3-4C). This
reduced the plastic zone size and the local tougfhnecreasing crack extensions at the
edges. Hence, high extensions at the edges eghaledid-thickness crack extensions as
a result of material heterogeneity; causing norieum extensions but a straight final
crack front.

For the TMAZ/HAZ samples, the plane stress crackingchanism at mid-
thickness is confirmed in the fractograph of FigBf#4. The fatigue precrack is labeled
on the left. To the right, tears that run paratlet crack direction are indicated with
arrows; the top tear being located at mid-thicknéBse two edges of the tears each open
to a 45° angle, which suggest a local shear-typparéa This gives evidence to the plane
stress condition prevalent during fracture [13heTsample edges (not shown) exhibited
features similar to the weld centerline samplesfogmation dimples of similar size, and
increased in size from second weld pass to fi@milarities to centerline samples at the

edges confirm the limited deformation which incexhsrack extensions at the edges.

20,0V x100_100um +—— B ., :
Figure 3-14: Fractograph of TMAZ/HAZ sample at mid-thickness (100x).
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3.5 Microstructure

As a supplement to the crack front characteristicshe previous section, the
microstructure was examined. This was done inraxexplain the observed crack front
phenomena and to briefly describe how weld parametiéected the microstructure, and
thereby, toughness. Relative weld microstructuvese compared by taking images at
fixed distances from the plate surface toward rhidkness for each weld pass. This
analysis was conducted for both welds A and B,fanéach crack plane.

Comparison of first and second weld passes revealgdence of tempering.
Figure 3-15 presents images taken from the weldedere, and shows upper bainite
present in both weld passes. In the first weldsgasvever, coarsening of the bainite
structure has occurred. Coalescence of ferrite gamdentite phases is also observed.
These changes in microstructure indicate that gafft heat was applied during the
second weld pass to cause tempering, reduce the stiength (Figure 3-1A), increase
elongation (Figure 3-1C), increase toughness, addae crack extensions (Figure 3-7).

Although not shown, tempering was observed for agtds and for all crack planes.

s

Second Weld Pass First Weld Pass

Figure 3-15: Microstructural comparison of weld passes showing evidence of tempering (1000x).
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Increasing the rotational speed affected the miarosire and accounts for the
increase in toughness between weld A and B ceméedamples. The micrographs in
Figure 3-16 show the centerline microstructure i@ds A and B. Since both welds
were conducted at the same heat input, it is npriser the microstructure appears very
similar. This necessitated a more detailed amalisicharacterize differences between

welds. Therefore, lath width of the bainite stuwetfor each weld was estimated using a

linear intercept method [14], and the results aesgnted in Table 3-5.

Weld Weld B

Figure 3-16: Comparison of weld A and B microstructures (1000x).

Table 3-5: Lath width measur ement results.

Average 95% .
L{;\thg Confidence EC (ill?:;/:y
Width Interval
pm pm %
Weld A 1.37 0.12 8.5
Weld B 1.19 0.11 9.4

Lath width decreased 13% from 1.3 to 1.19um by increasing the rotational

speed from weld A to weld B. The decrease in laitith from weld A to weld B
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suggests that the formation of the ferrite and ceitee phases from austenite was
affected by rotational speed, as this is the orffgr@nce between welds. By increasing
the rotational speed, different amounts of workevperformed on the material by the
friction stir welding process. By changing the ambof work, the recrystallization

temperature was affected, resulting in a finer latldth for weld B and increased

toughness relative to weld A.

In the advancing side hardened region samplegijofmicstir welding caused the
formation of Widmanstatten ferrite which led to tbe/ toughness observed on this crack
plane (Figure 3-17). High heat and high strains thua combination of tool rotation and
forging force limited austenitic grain growth. Atdnally, rapid cooling limited
diffusion and produced fine ferrite laths. Thiscrostructure increased local yield

stresses and severely limited plastic strain, redumughness.

Figure 3-17: Micrograph showing Widmanstatten microstructure in the advancing side hardened
region samplesfor weld A and B (1000x).
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Widmanstatten ferrite was isolated within a bandsglon within the advancing
side hardened region samples. These regions ginédhited in Figure 3-18 for weld A
and B: weld A is wedge shaped and weld B is ‘yad. The change in shape is a
result of increasing the weld rotational speed. ilgvihot directly on the crack plane, the
ductile centerline-like material between the twdkfoof Widmanstatten ferrite in weld B
was still within the plastic zone. This likely me@sed toughness due to decreased
amounts of Widmanstatten ferrite within the plagiime when compared to weld A, but
also led to the instability seen in these sampl@®ughness in the advancing side
hardened region is therefore related to the fownabf Widmanstatten ferrite as a result
of rotational speed. Furthermore, since the cpdake was placed to specifically sample
the hardened region near the root of the pin andWidmanstatten ferrite, different
amounts of Widmannstatten were subsequently sangddcould have contributed to

the differences in toughness observed on this quiaie.

Weld A Weld B

Figure 3-18: Macrographsillustrating differencesin the shape of the banded region for both weld A
and B.
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4 Conclusions

Using current ASTM 1820 and BS 7448 standards, moae elastic-plastic
fracture toughness at room temperature was detechior friction stir processed HSLA-
65 in each of three weld planes: the weld cemeyladvancing side hardened region, and
TMAZ/HAZ. Additionally, toughness of each positiavas evaluated at two rotational
speeds (340 RPM and 490 RPM) and compared with elded parent material.
Toughness values for all samples failed to meélifopadion requirements of both ASTM
1820 and BS 7448 due to insufficient thickness aod-uniform crack extension.
Therefore, all fracture toughness values reportecethickness dependeny, J

1) Welded samples exhibited lower toughness than #renp material for all
crack plane locations for both rotational speeds.

2) The centerline location exhibited the highest wildghness. Reduction in
toughness at the centerline was 33% and 25% |ess ghrent material for
welds produced at 340 RPM and 490 RPM, respectively

3) The advancing side hardened region exhibited thwedd toughness.
Toughness on this crack plane was 75% and 63%Hassparent material for
welds produced at 340 RPM and 490 RPM, respectively

4) TMAZ/HAZ toughness was 40% and 27% below parentenmt for welds

produced at 340 RPM and 490 RPM, respectively.
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5) By increasing the rotational speed to 490 RPM, weldghness increased
relative to welds produced at 340 RPM.

6) Increased weld toughness from 340 RPM to 490 RPM at&ributed to
microstructural differences as a result of incrdasgational speed.

7) Weld tempering caused lower crack extensions irfiteeweld pass relative
to the second in all crack planes and welds.

8) The ASHR samples exhibited the highest crack exdass In this location,
the weld microstructure consisted of Widmanstafegnte, a microstructure

known to be detrimental to toughness.
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5 Recommendationsfor Future Work

1)

2)

3)

4)

5)

While friction stir welding produced material witbwer toughness than the
base metal material, it is suggested that furthetysbe conducted to explore
the parameter window and the relationship of patareeto microstructure

and/or toughness to find optimal parameters inncegiatoughness.

Since plane stress fracture toughness values viatned in welded material

at room temperature, it is recommended that furttmk be done to explore

the role of temperature on fracture toughnessictidn stir welds.

Refined methods for testing specific regions of nostructure other than

‘weld positional’ are available and could be uglizto measure more specific
regions of the weld.

Due to the low toughness of the hardened regiannén samples could be
used to specifically test this region, allowing fetraighter final crack

extensions; thus conforming to qualification reqments.

The relationship between weld parameters and thmuatof Widmanstatten

ferrite produced should be explored.
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Appendix C. Resistance Curves
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Figure C-2: Weld A, centerlineresistance curve.
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Figure C-3: Weld A, advancing side hardened region resistance curve.
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FigureC-4: Weld A, TMAZ/HAZ resistance curve.
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Weld B Centerline Resistance Curve
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Figure C-6: Weld B, advancing side hardened region resistance curve.
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Weld B TMAZ/HAZ Resistance Curve

1600 T T T T

1400

1200

1000
g
& 800
600
400 L. s
200
oF L
0 05 1 15 2 25
Delta a (mm)
FigureC-7: Weld B, TMAZ/HAZ resistance curve.
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Appendix D.  Estimation of Yield Stress from Har dness
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In order to resolve differences in yield stressueetn individual crack planes that
the reported tensile data (Figure 3-1) does novigep the through thickness Vickers
hardness measurements from Figure 3-4 needed tmamgpulated to estimate yield
stress. This appendix describes the process tafallowed in order to accomplish this
estimation

Yield stress is estimated from Vickers hardnedsgnation (6) [12].
= DPH x 1(o 1)
gy = 3\ (6)

DPH is the Vickers hardness, and n is the straiddrang coefficient.

Strain hardening coefficients were estimated frbm gtress-strain records of the
tensile samples reported in section 3.1. Streagstiata between the yield and ultimate
strengths were fit with a power curve. The exponanthis curve fit is the strain

hardening coefficient and are reported in Table.D-1

Table D-1: Estimated strain hardening coefficients for tensile samples.

Sample Base Weld A | Weld B

Number Metal
1 0.03 0.05 0.05
2 0.03 0.04 0.04
3 0.03 0.06 0.04
4 0.03 0.15 0.07
5 0.13 0.13
6 0.11 0.12
7 0.13 0.09
8 0.12 0.09

To simplify the process of correlating the throutjiickness locations of the
tensile samples to locations of hardness measutspsrain-hardening coefficients were
averaged for the base metal, and for the firstsmednd weld passes of each weld. These

are presented in Table D-2.
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Table D-2: Average coefficientsfor base metal and individual weld passesfor welds A and B.

Weld A Weld B
Base
Metal 2nd 1st 2nd 1st
Pass Pass Pass Pass
0.03 0.05 0.13 0.05 0.11

Equation (6) was then simplified to be the Vickkesdness multiplied by a factor
for the base metal, and for the first and seconldl wasses for each weld. Factors are
reported in Table D-3. This factor includes uroheersions necessary for converting

Vickers hardness units (kgf/nfirto stress (MPa).

Table D-3: Factorsfor convertingtoyield stress.

Base Weld A Weld B
Metal 2nd Pass | 1st Pass | 2nd Pass | 1st Pass
| DPH x | 3.050699 | 2.913395 | 2.423257 | 2.913395 | 2.537461

Estimates of yield stress were then made multiglyire Vickers hardness by the

factor in Table D-3 for the corresponding location.
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