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ABSTRACT

The miccostructure and properties of reheat zones were

investigated in several High Strength Low Alloy (HSLA)

steelr acicular ferrite weld metals in the strength range

80-100ksi (550-690MPa). The state of the art submerged arc,

bead on plate weld metals were deposited on 19mm plate at

heat inputs of 3 and 5MJ/m. The weld metal microstructures

were ̂ 0.9 vol. fraction acicular ferrite with sparse

discontinuous grain boundary ferrite. The weld metal

compositions varied from 0.8C-1.5Mn-0.2Mo microalloyed with

differing levels of Ti and B to 0.5C-1.0Mn-1.6Ni-0.5Cr-

0.4MO-0.7CU with and without Ti and B additions.

The reheat zone microstructures in the alloyed acicular

ferrite weld metals investigated are unlike those reported

for acicular ferrite weld metals in C-Mn steels. These

microstructural differences account for the hardness and

Charpy V-notch impact test data indicating the as-deposited

weld metal properties are essentially unaffected by

reheating. The data also support a reheat zone structure-

property model proposed at the outset of this investigation.

The data suggest the acicular ferrite weld metals tested may

be deposited with a variety of welding parameters which vary

the volume of reheated weld metal without compromising

strength or toughness, assuming the as-deposited
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niicrostructure does not deviate from aciculac ferrite plus

discontinuous grain boundary ferrite.

Radial dilatometry, single cycle reheat zone simulation,

and up-down quench testing of as-deposited weld metal

allowed a reheat zone microstructural development model to

be proposed. The model explains the observed differences

between reheat region microstructures in C-Mn and alloyed

acicular ferrite weld metals based on the austenite

morphology formed from the as-deposited structure. The

differences were proposed to be due to the formation of

primarily acicular austenite rather than globular austenite

from the as-deposited alloyed acicular ferrite

microstructure. The relative volumes of globular and

acicular ferrite formed are proposed to be directly

proportional to the volumes of primary and acicular ferrite

in the as-deposited structure. The acicular austenite

formed when reheating the alloyed acicular ferrite weld

metals transforms to a coarse equiaxed structure at peak

reheat temperatures above 1100®c. A numerical technique was

developed to estimate an activation energy for the austenite

morphology change from the morphology transition

temperatures measured during continuous heating. Values for

the activation energy obtained for a variety of weld metal

compositions were approximately 120kcal.
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1. INTRODDCTION

Multiple pass welding practices are often required for

joining steel plates in larger welded structures. The

multiple thermal excursions associated with successive

passes in multiple pass welds generate volumes of material

which have been defined as reheat zones (1/2). Reheat zones

are created in both the base plate and the weld metal of

multiple pass welded joints. These zones are identified in

the schematic macrosection of a multiple pass butt weld on

steel plate presented in Figure 1.1. Reheat zones in the

base plate, refer to volumes of the heat affected

zone (HAZ) which have undergone microstructural alterations

due to the thermal excursions associated with successive

welding passes. Reheat zones in the weld metal, RHZ^, refer

to volumes of the as-deposited weld metal that have been

microstructurally altered. Multiple pass weld metals can

then be thought of as composites of as-deposited (unaltered)

microconstituents, and those present in the

microstructurally altered or "reheat" zones. The structure

and properties of each region of this composite depend on

the steel plate and welding consumable selected.

Use of high strength high toughness steel plate for

severe service applications and in applications where the

strength to weight ratio is important, has led to the



REHEAT ZONES IN MULTI-PASS WELDS

H3
I

U1

RHZw

FIGURE 1,1 - A schematic representation of a multipe pass butt weld indicating
the heat affected zones (HAZ)^ weld reheat zones (RHZ )^ and the base plate
reheat zones^ (RHZj^ ) . ^
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development of consumable systems that yield high strength

OSOksi yield), high toughness, acicular ferrite weld

metals. Examples of this weld metal microstructuce are

presented in Figure 1.2 (3). The acicular ferrite

microstructures are representative of state of the art,

submerged arc welding consumables developed for joining

arctic grade microalloyed steel plate and HY-80 quenched and

tempered alloy steel plate. Figures 1.2a and 1.2b

respectively. The acicular ferrite microconstituent making

up the majority of the weld metal microstructure is an

interlocking network of ferrite laths with aspect ratios of

approximately 4:1. This microconstituent has been

characterized as intragranularly nucleated Widmanstatten

ferrite (4). The weld metal microstructure also contains

either continuous or discontinuous films of primary

(allotriomorphic) ferrite on the columnar prior austenite

grain boundaries, PF(G) (5), which is referred to as grain

boundary ferrite in this text (6). Examples of both

discontinuous and continuous grain boundary ferrite are also

shown in Figures 1.2a and 1.2b respectively. Specifically

what the microstructural modifications are in the reheat

zones of high strength acicular ferrite weld metals, such as

those shown in Figure 1.2, and how they influence the

mechanical properties are the subjects of this
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investigation.

Before addressing reheat zones, and in particular,

reheat zones in acicular ferrite weld metals, the

development of high strength, high toughness ferritic weld

metals deposited by the submerged arc process should be

considered. Many of the recent weld metal developments have

arisen from the need for consumables for arctic grade

microalloyed carbon manganese steels in the strength range

of 50 to 80 ksi minimum yield strength. In the 80 to 120ksi

minimum yield strength range, high toughness ferritic

consumables were developed for the quenched and tempered

HSLA steels such as HY80 and HYIOO. Although the alloying

approach for the consumables of the respective plate types

is somewhat different, the desired structures and properties

are similar and will be considered below. This is

particularly important in light of current plate steel

developments such as the reduced pearlite direct quenched

and the copper precipitation strengthened grades finding

uses in offshore structures and surface vessels (7,8,9).

These emerging grades are reported to have improved

weldability at their respective strength levels.

1.1 Allovinq Philosophies for Acicular Ferrite Weld Metal

The acicular ferrite weld metals considered in this

program are deposited by the Submerged Arc Welding (SAW)
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process, however, the microstructures and alloying

principles discussed below apply equally to other arc

welding processes. Current developments in acicular ferrite

SAW consumables for arctic grade. High Strength Low Alloy

(HSLA), carbon manganese plate steels are based on

investigations of carbon manganese filler wires and basic

fluxes that began in the early 1970's and continues today

(10-37). The approach has been to use a basic flux to

provide a relatively low weld metal oxygen content, <400ppm

by wt., and a wire with a low carbon content, <0.10 wt pet.

Hardenability agents, such as manganese, are adjusted to the

range required to produce a microstructure consisting

primarily of fine acicular ferrite. The solute levels are

controlled to this "acicular ferrite window" as insufficient

hardenability leads to undesirable allotriomorphic ferrite

formation and excessive hardenability leads to equally

undesirable lower transformation products such as bainite

and martensite (12,30) . Recent refinements of the filler

wire include microalloying with titanium and boron to reduce

soluble nitrogen, suppress allotriomorphic ferrite

formation, and maximize the acicular ferrite volume fraction

in the as-deposited weld metal (31-37). Particular

attention has been focused on the type, size and number of

oxygen bearing inclusions or precipitates present in these
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weld metals and their role in the nucleation of acicular

ferrite (16-30,33).

Submerged arc welding consumable development for the

quenched and tempered HY80 and HYIOO type HSLA steels is not

as well documented as that for the lower strength C-Mn HSLA

steels. As with the C-Hn HSLA weld metals above, a basic

flux is used to maintain relatively low weld metal oxygen

contents. Also, low carbon, <0.10 wt pet., filler wires are

used with manganese, nickel, molybdenum, (and sometimes

chromium) levels adjusted to the appropriate strength and

toughness levels (38-40). Presumably the "appropriate"

strength and toughness level corresponds to an acicular

ferrite window as described for the C-Mn acicular ferrite

weld metals above. The role of oxygen bearing inclusions in

the development of the acicular ferrite microstructures in

these weld metals has been discounted (41), however the

observations of Abeln, et.al. (42) dispute this position.

These investigators have clearly demonstrated that acicular

ferrite laths are associated with submicron size weld

inclusions in both microalloyed C-Mn and Mn-Ni-Mo weld

metals.

The association of the acicular ferrite

microconstituent with weld metal inclusions and the

adjustment of substitutional solute levels to an optimum
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hardenability suggest the primary strength and toughness

differences between the C-Hn and Mn-Ni-Mo weld metals are

due only to solid solution strengthening and fineness of the

acicular ferrite lath structure. As part of another

program, these differences were explored by evaluating the

relative weld metal hardenability using a number of

published carbon equivalent equations (43) and developing a

constituative equation for acicular ferrite strength. The

hardenability equations used were the IIW CE and below,

both of which were developed for base plate cold cracking

susceptibility.

CE = c + + ̂  +

p  =5B + c + ̂  + ̂  + Mn+Cr+Cu . Si + Hi ri 21^cm ^ ̂  +10 15 20 30 60

The constituative equation developed to estimate

acicular ferrite weld metal strength was based on grain

boundary and solid solution strengthening in binary iron

alloys. The data of Morrison (44) for grain size

strengthening of iron carbon alloys was used to estimate a

"base strength" and the contribution of solid solution

elements were estimated from work of other investigators

(45-49). The dependence of grain size strengthening on

composition was ignored (45). The constituative equation

developed is presented below:
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Yield Strength in ksi = 12.8 + 2,63d"*^ + lOSi +
5(Mn+Ni+Cu) + 3Mo + l.SCr

All elements in weight percent
Grain diameter, d, in millimeters

Multiply by 6.895 for MPa

Equations 1.1 to 1.3 were applied to the selected

acicular ferrite, HSLA steel, SAW wire compositions

presented in Table 1.1. The compositions are representative

of state of the art microalloyed C-Mn, and Mn-Ni-Mo acicular

ferrite weld metal. Note the primary difference between the

C-Mn microalloyed weld metal and the Mn-Ni-Mo compositions

are the lower Mn level (1.0 vs 1.5) in the Mn-Ni-Mo weld

metal and the addition of approximately 2.0 percent nickel

and 50% more Mo in the Mn-Ni-Mo weld metal. The calculated

carbon equivalent values in Table 1.1 indicate the

hardenability of the acicular ferrite filler wires as

predicted by the cold cracking parameter are nearly

identical. The IIW carbon equivalent indicated more of a

range of hardenability for the wire compositions. This

comparison then indicated rather than CE, more

apporopriately described what should be a narrow acicular

ferrite hardenability window.

The strength of weld metals with compositions in Table

1 were estimated from Equation 1.3 assuming an acicular

ferrite lath size of 1.5 to 2.0 microns. The predictions

are presented in Table 1.2 with specified minimum yield
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TABLE 1.1 - A comparison of HSLA steel SAW wire compositions. Calculated values
of and CE (43) are given as an estimate of hardenability.

PPn>

c Mn P  S Si Cr Hi Mo Cu V lb Ti A1 0 N B P CE

.42Tibor 22* .078 1.48 .008 .009 .04 .12 .10 .31 .77 .003 .030 .028 60 80 30

cm

.25

Lincoln lOOS-1 .07 1.38 .009 .56 .11 1.86 .45 .02 .006 .006 .023 .020 - - - .23 .54

Linde 120S-1 .065 1.62 .015 .34 .33 2.42 .51 .01 .006 .004 .007 .010 - - - .25 .68

5*B + C ^ ^ fi ̂

CB » c ̂  Cg^gotv ̂  go ̂

" Copper coated wire.
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TABLE 1.2 - A comparison of estimated vs. specified minimum
yield strengths for the SAW filler wire compositions listed
in Table 1.1. The estimate assumes an acicular ferrite
microstructure with a mean linear intercept of 1.5 to 2.0
microns. The grain size strengthening was estimated from
Morrison's data on Fe-C alloys (43). Solid solution effects
were estimated from other workers (45-49) . The dependence
of grain size strengthening on composition (45) was ignored.

Yield Strength (ksi)

Wire Composition Calculated Specified
(min)

Measured

Tibor 22 82 - 91 70 80

lOOS-1 95 - 104 82 91-96*

120S-1** 98 - 107 >100

Yield Strength in ksi = 12.8 + 2.63d~*^ + lOSi +
5(Mn+Ni+Cu) + 3Mo + 1.5Cr

All elements in weight percent
Grain diameter in millimeters

* - Multiple pass weld metal.
**- Actual lath size may be less than 1.5 microns (42)
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strengths and measured yield strengths (50-53) on low

dilution weld deposites made with the wires reported in

Table 1.1. The calculated yield strengths and the specified

minimum yield strengths for the respective weld metals

presented in Table 1.2 were quite close in all cases. The

measured values were also encouragingly close, particularly

in light of using an assumed, rather than a measured lath

size and extrapolating from solid solution strengthening

data from binary iron alloys.

Some important implications for acicular ferrite weld

metals were suggested from this exercise:

1) There may be an effective lower and upper limit on the

strength of acicular ferrite weld metals imposed by the

limits of acicular ferrite lath size and hardenability.

2) A linear program to predict the maximum acicular ferrite

strength could be created using a hardenability window

specified by the cold cracking parameter and the

constituative equation developed to predict yield

strength. Note that these equations must be coupled with

practical limits on lath size, and solute level for

proper oxide inclusions, hot shortness control, slag

detachability, etc. for a meaningful solution.

During the development of the C-Mn acicular ferrite

weld metals, correlations of weld metal microstructure with
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mechanical properties suggested the optimum as-deposited

ferritic microstructure in the strength range of 50 to

lOOksi is greater than 80 volume percent fine acicular

ferrite in the absence of continuous grain boundary ferrite

films (12) . However/ due to sample size requirements, the

reported weld metal mechanical properties were for multiple

pass weld deposits. The reported weld metal mechanical

properties were then for a composite of the as-deposited

weld metal and the reheat zones. This leads to some

question as to what was the controlling microstructure.

Several researchers have reported significant variations in

strength and toughness when changing the relative volumes of

as-deposited and reheated material in their test samples

(54-58) suggesting the microstructures in the reheat zone

should be considered in the structure property correlations

as well. The nature of reheat zones in several ferritic

weld metals and how they may influence the weld metal's

mechanical properties is considered below.

1.2 Reheat Zones in Low Carbon Steel Weld Metal

Reheat zones in low carbon steel weld metals may be

subdivided into the four regions (59) described in the

schematic diagram of a multipass weld presented in Figure

1.3. Traversing from the fusion line between passes n and

n+l to the n pass in Figure 1.3, the reheat zone consists
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FIGURE 1,3 - A schematic representation of the peak temperatures associated with
the various regions of a low carbon steel weld metal reheat zone.
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of 1) the coarse grain or grain growth region, 2) the fine

grain region, 3) the partially transformed region, and 4)

the tempered region before reaching the unaffected fusion

metal. The coarse grain region consists of transformation

products from material heated sufficiently above the

temperature for significant austenite growth to occur. The

austenite grains are approximately eguiaxed with a diameter

usually smaller than, but of the same order of magnitude as,

the prior columnar austenite grains. The fine grain region

consists of transformation products from austenite formed

low in the austenite phase field which have not experienced

significant grain growth. The volume reheated to

temperatures between the and A^^ temperatures is

referred to as the partially transformed region. The

tempered region is the material reheated to temperatures

below the ̂ cl temperature and has been microstructurally

altered (this is usually limited to what may be detected by

the light microscope). Successive passes then subject each

of these regions, as well as the "unaffected" weld metal, to

thermal excursions to peak temperatures below the A^^ which

may lead to aging, precipitation and/or coarsening. The

volume of reheated weld metal subject to a second thermal

excursion with a peak temperature above the A^j^ is usually

small and will not be considered here.
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The coarse grain, fine grain, and partially

transformed regions have been referred to in the literature

(54,60) as "recrystallized" areas and the tempered regions

and unaffected weld metal are grouped as "columnar zones".

This characterization is due to the appearance of the

regions in an etched macrosection. When characterizing the

fusion zone microstructure of a multiple pass weld the as-

deposited microstructure of the final pass is quantified for

its microconstituents and the "percent recrystallized"

fusion metal is also determined. The relative volume of

"recrystallized" fusion metal may be varied by the welding

parameters, eg. voltage, current, travel speed, heat input,

deposition rate, position, preheat temperature, weave, joint

geometry, thermophysical properties of the work piece and

consumable, etc. (54-58). For example, the two SAW

certification welds made with Hn-Ni-Mo wire on A710 plate

presented in Figure 1.4 (61) exhibit a percent

"recrystallized" fusion metal varying from approximately

ninety percent in Figure 1.4a to less than than thirty

percent in Figure 1.4b when the only variables altered were

weave, plate thickness and heat input.

The influence of reheating on the weld metal

microstructure and mechanical properties in ferritic weld

metals is dependent on the as-deposited weld metal
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■ ■
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FIGURE 1.4 - Macrosections of two multiple pass, submerged arc butt welds made
with a Mn-Ni-Mo wire and basic agglomerated flux on A710 plate. The welding
practices were, a) full weave with a heat input/pass of 3.4MJ/m on 32mm plate
and b) no weave with a heat input/pass of 1.3MJ/m on 19mm plate (61). Note the
difference in the relative volumes of columnar and recrystallized zones in the
weld metal. (15%HC1 + 5%CH20H)
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miccostructure. A review of the literature regarding the

influence of reheating on C-Mn acicular ferrite weld metal

and C-Mn-Ni-Mo bainitic-martensitic weld metal respectively

is presented below. Preliminary observations on the reheat

microstructures in alloyed acicular ferrites are then

discussed.

1.3 Reheat Zones in C-Mn Acicular Ferrite Weld Metal

Carbon-manganese acicular ferrite weld metals in the in the

yield strength range 60-70 ksi (410-480 HPa) are commonly

used in joining low carbon structural steels. A series of

representative as-deposited and reheat zone photomicrographs

were prepared from a C-Mn weld deposit joining 19mm, ASTM A-

36 plate steel and are presented in Figures 1.5a-1.5e (62).

The macrosection and selected properties of this welded

joint are presented elsewhere (63). A typical as-deposited

microstructure of acicular ferrite with continuous films of

allotriomorphic ferrite on the columnar prior austenite

grain boundaries is shown in Figure 1.5a. The coarse grain

region of the is composed of eguiaxed grain boundary

ferrite envelopes surrounding acicular ferrite as shown in

Figure 1.5b. Fine eguiaxed ferrite shown Figure 1.5c is

representative of the fine grain region of the

Although the fine eguiaxed ferrite in Figure 1.5c is often

called the refined region of the weld, G.M. Evans (64) has
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I-IV.'

40 ̂m

FIGURE 1.5 - As-deposited and reheat zone microstructures present in C-Mn
acicular ferrite weld metal. The microstructures are representative of a) the
a) as-deposited weld metal, b) coarse grain region, c) fine grain region, d)
partially transformed region, and e) the tempered region. Note the general
coarsening in the reheat zone (62) . (2% nital)
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shown the coarseness, as measured by the mean linear

intercept, is actually greater than the as-deposited

acicular £errite. The partially transformed region of the

C-Mn acicular ferrite consists of a mixed ferrite grain

size with small islands of (an) unresolved secondary

microconstituent(s) as shown in Figure 1.5d. The relative

coarseness of this region also exceeds that of the as-

deposited acicular ferrite. The tempered zone also shows

some signs of coarsening as shown in Figure 1.5e. The

strength and toughness changes associated with the

microstructural modifications in the reheat zone indicated

in Figure 1.5 are presented below.

A drop in strength, indicated by a drop in hardness

from the as-deposited weld metal to the has been

demonstrated for C-Hn acicular ferrite weld metals in

microstructure-microhardness profiles presented by G.M.

Evans (55-58,64). The corresponding increase in the

measured mean linear intercept from the as-deposited weld

metal to the suggests that the observed strength

differences are due to a loss in grain boundary

strengthening (64). Previous investigators have also found

that there is an increase in weld metal toughness in the

reheat zone (55,56,59,64-66) due to the breakup of the

continuous grain boundary films of proeutectoid ferrite
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present in the material studied, particularly in the fine

grain region of the reheated zones. The mean free crack

path along the allotriomorphic ferrite decorating the

columnar austenite grains in the as-deposited weld metal is

large when compared to the equiaxed ferrite envelopes in the

coarse grain reheated zones. In the equiaxed structure of

the fine grain zone the preferential crack path is

essentially eliminated. Some deleterious effects of

reheating on the toughness of C-Mn acicular ferrite have

also been reported. Toughness reductions due to strain

aging (65,67) in the root region of a multiple pass weld and

the formation of martensite islands in the partially

transformed region of the RHZ^ (68) have been shown.

However, these deleterious effects are usually overshadowed

in C-Mn acicular ferrite weld metals by the beneficial

effect of breaking up the continuous grain boundary ferrite

films in the as-deposited structure (65). Summarizing, C-Mn

acicular ferrite weld metals exhibit a drop in strength and

an increase in toughness in the RHZ which are associated
w

with a change in ferrite morphology characterized by an

increase in mean linear intercept with an accompanying

decrease in preferred crack path length in the weld metal.

1.4 Reheat Zones in Bainitic-Martensitic Mn-Ni-Mo Weld Metal

The Mn-Ni-Mo weld metals used for joining joining BY-
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80, HY-IGG, and HY-13G quenched and tempered Cr-Ni-Mo HSLA

steels have required yield strength levels of 8G-14Gksi

(55G-965MPa). Compositions producing as-deposited

microstructures containing primarily lath martensite and

upper bainite (54,60,69-71) have been used to achieve these

strength levels. Primary ferrite at prior austenite grain

boundaries may also be present in higher heat input

deposites (70). As with the C-Mn acicular ferrite weld

metals above, the microstructures in the coarse grain reheat

region of the RHZ^ resemble the as-deposited weld metal and

are martensitic and/or bainitic. In the fine grain region

of the small bainite packets and primary ferrite pools

are present. The lower hardenability products formed in the

fine grain region are presumably due to the reduction in

hardenability with prior austenite grain size.

Microstructures in the partially transformed region contain

tempered bainite and/or martensite with ferrite pools

presumably formed from the decomposition of intercritical

austenite (69). Normal martensite and bainite tempering

reactions are expected in the tempered region of the

The tempering reactions and the introduction of ferrite as a

microconstituent in the result in extensive deviations

from the as-deposited strength and toughness.

Large reductions in strength (20-30%) and increases in
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toughness are associated with reheat zones in the banitic-

martensitic Mn-Ni-Mo weld metals (54,69-71). Both the

strength reductions and toughness increases are partially

due to tempering reactions, reduction in dislocation density

and breakdown o£ interlath carbide films, in the bainite and

martensite present in the partially transformed and tempered

regions of the RHZ^ (69,70). The formation of lower

strength islands of ferrite in the fine grain and partially

transformed regions of the also contribute to the loss

in strength and increase in toughness observed (69).

1.5 Reheat Zones in Alloyed Aciculac Fercite Weld Wetal

Preliminary investigations (3,61) on state of the art

alloyed acicular ferrite weld metals indicated the reheat

zone microstructures in the higher strength (>80ksi yield),

alloy acicular ferrite weld metals differ from those

associated with lower strength C-Mn acicular ferrite weld

metals discussed in Section 1.3. Representative

photomicrographs of the as-deposited and reheat zone

microstructures from an alloyed acicular ferrite weld metal

are presented in Figure 1.6. The weld metal is a high

dilution, two pass, SAW, bead on plate weld made at 3MJ/m

with a C-Mn filler wire containing Mo, Ti and B additions on

19mm, ASTM A710, Grade A, Class 3 plate. The as-deposited

microstructure shown in Figure 1.6a contains primarily fine
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acicular fercite with some aligned lath structures and grain

boundary ferrite. The grain boundary ferrite in Figure 1.6a

is sparse and discontinuous, but it has been shown to be

continuous in other alloyed acicular ferrite weld metals

(60). The coarse grain reheated region. Figure 1.6b,

consists of eguiaxed ferrite envelopes surrounding acicular

ferrite. A fine eguiaxed structure is not observed in the

"fine grain" region adjacent to the coarse grain region as

shown in Figure 1.6c. The microstructure is much more

variable in both size and aspect ratio of the

microconstituent (presumed to be ferrite), although there is

coarsening over the as-deposited weld metal. Further

delineation of the reheated zone into partially transformed

regions and tempered zones is difficult as the

microstructure varies gradually from that adjacent to the

coarse grain zone shown in Figure 1.6c, to the

microstructure in Figure 1.6d, and finally to the unaffected

fusion metal which is unchanged from the as-deposited

structure shown in Figure 1.6a.

The reheat zone toughness of alloyed acicular ferrite

weld metal containing coarse, blocky, continuous grain

boundary ferrite has been shown by previous investigators

(68) to behave exactly as the C-Nn acicular ferrite weld

metals. A drop in strength and an increase in toughness in
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the was associated with a change in ferrite morphology

characterized by an increase in mean linear intercept with

an accompanying decrease in preferred crack path length in

the weld metal. Alloyed acicular ferrite weld metals with

thin continuous films of grain boundary ferrite, such as

that indicated earlier in Figure 1.2b, are also expected to

behave in this manner. However, an as-deposited

microstructure containing fine acicular ferrite in the

absence of continuous ferrite films, as shown in Figure

1.6a, is proposed to behave quite differently. Assuming the

columnar prior austenite grain boundaries will no longer act

as preferential crack paths in the absence of continuous

grain boundary ferrite films, the RHZ^ would provide no

beneficial reduction in mean free crack path. To the

contrary, the preferred crack path along the allotriomorphic

ferrite films formed in the coarse grain region of the

reheated zones of this material, shown in Figure 1.6b, and

the general coarsening of the remaining reheated regions

suggest the toughness of this weld metal is adversely

affected by the presence of the reheated zones. The

formation of the eguiaxed ferrite envelopes in the coarse

grain reheated zones of the material shown in Figure 1.6 may

be avoidable in other boron containing weld metals. The

appearance of grain boundary films in the coarse grain
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reheat regions of boron containing welds exhibiting sparse

discontinuous grain boundary ferrite, such as that shown in

Figure 1.6, is proposed to be due to the reduction of the

boron concentration at prior austenite grain boundaries.

The reduction in austenite grain boundary boron

concentration would be due to the order of magnitude

increase in grain boundary area over the original columnar

structure of the as-deposited weld metal. This contention

is supported by data from Japanese investigators showing

suppression of allotriomorphic ferrite in the coarse grain

reheated zones of as-deposited weld metal lacking continuous

grain boundary ferrite films by raising the boron

concentration from 25 to 35ppm (72).

Other considerations for strength and toughness

modifications due to reheating alloyed acicular ferrite weld

metal include strain aging and precipitation reactions.

Repeated thermal excursions below the temperature and

particularly, stress relief heat treatments, can lead to

toughness reductions due to ferrite strengthening by

precipitation reactions. This is a particular problem in

high dilution weld metals where powerful carbonitride

formers (and copper in certain precipitation hardening

grades) may be acquired from the plate material joined. The

deleterious effect of precipitation hardening heat
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treatments on Charpy V notch toughness has been demonstrated

on several high dilution, high strength, high toughness,

acicular ferrite weld metals by Matlock and Edwards (73).

The Charpy V-notch absorbed energy verses temperature curves

in Figures 1.7a and 1.7b show an increase in Charpy V-notch

transition temperature over the as-deposited weld metal

following 120s isothermal precipitation hardening anneals at

650 and 700®C. The precipitation hardening agents, Nb(C,N)

and Nb(C,N)+Cu respectively in Figures 1.7a and 1.7b, were

introduced by filler wire dilution from the respective

microalloyed and microalloyed + Cu precipitation hardening

plate steels. The high dilution levels, coupled with the

700^C precipitation hardening anneal, yielded peak

hardnesses in alloyed acicular ferrite weld metals with

hardening potentials higher than that expected in weld

deposites normally produced with the respective plate and

consumable combinations (74). This worst case scenario

produced increases in the transition temperature on the

order of 30°C as indicated in Figure 1.7. These data

suggest minimal toughness reductions should be expected in

an actual multipass weld due to precipitation hardening.

The formation of transformation products other than

mixed aspect ratio (allotriomorphic?) ferrite and acicular

ferrite from the reaustenitized weld metal should also
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influence the resulting mechanical properties of reheat

zones in alloyed acicular ferrite weld metals. Formation of

retained austenite or martensite islands in the partially

transformed region, shown to be deleterious to toughness in

C-Hn weld metals (68), may also occur in the partially

transformed regions of the alloyed acicular ferrites.

Decomposition of retained austenite present in the

microstructure (42) in the tempered region to ferrite

carbide aggregate may also reduce toughness. Extensive

tempering reactions or the formation of tougher

microconstituents shown to increase toughness in

martensitic-bainitic Mn-Ni-Mo weld metals, however, are not

expected in the RHZ^ of the alloyed acicular ferrites.

1.5.1 Proposed Strength & Toughness Response of Alloyed
Acigulac Fecriteis to Reheating

Proposed strength and toughness modifications of as-

deposited alloyed acicular ferrite weld metal in multiple

pass welds due to reheating are summarized in Figure 1.8 for

two initial microstructures. The microstructures are 1)

acicular ferrite with continuous grain boundary ferrite and

2) acicular ferrite with sparse, discontinuous grain

boundary ferrite. The vector approach used in Figure 1.8 to

indicate the magnitude of positive and negative

contributions to weld metal strength and toughness was first

used by Garland and Kirkwood (13) and later by Dolby (12) to



FIGURE 1.8 - A comparison of the expected reheat zone vs. as deposited weld
metal strength and toughness for acicular ferrite weld metals with and without
continuous grain boundary ferrite.
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indicate influences of alloying elements or thermal

treatments on weld metal toughness. Several assumptions

indicated in Figure 1.8 including 1) there would be no

ferrite strength modification by changes in dislocation

densityr 2) higher order transformation products

(martensite and bainite) would not form in the

reaustenitized or partially transformed regions, and 3)

there would be no precipitation strengthening in the

reheated zone. As indicated in Figure 1.8, there is a net

toughness increase proposed in the reheat zone for acicular

ferrite microstructures with continuous grain boundary

ferrite films. The reduction in preferred crack path length

by the disruption of the continuous grain boundary ferrite

films is expected to provide an increase in toughness that

outweighs the detrimental effect of microstructural

coarsening. A slight decrease in strength is also expected

due to microstructural coarsening in the reheated zone.

However, the strength reduction is expected to be less than

that observed in C-Mn acicular ferrite weld metals discussed

above as the higher alloy material is expected to more

effectively resist coarsening when compared to C-Mn acicular

ferrite weld metals.

The expected toughness response of an alloyed acicular

ferrite microstructure with sparse discontinuous, or no
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grain boundary ferrite, is also illustrated in Figure 1.8.

Since there is no preferred crack path to disrupt, the

general microstructural coarsening in the reheated zone is

expected to reduce the toughness. Should alloy

modifications suppress allotriomorphic ferrite formation in

the coarse grain zone, the toughness decrease is expected to

be smaller, again, due to the reduction in preferred crack

path length. A slight decrease in strength is also expected

due to the general microstructural coarsening in the

reheated zone.
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2. EXPERIMENTAL DESIGN

The objective of the experimental program described

below was to develop an understanding of the microstructure

and properties of reheat zones in alloyed acicular ferrite

weld metals. Specifically, experiments were designed to

test the proposed effects of reheating on strength and

toughness of acicular ferrite weld metals with and without

continuous grain boundary ferrite. The experimental work

was executed in four steps, each leading to decisions

regarding materials and/or parameters for the following

step. The four steps included in the experimental design

are described below. Materials and procedural details may

be found in the following chapter entitled Experimental

Procedure.

In order to test the proposed effects of reheating on

alloyed acicular ferrite weld metals outlined in Figure 1.8,

acicular ferrite microstructures containing a range grain

boundary ferrite morphologies were required. The range of

grain boundary ferrite in the as-deposited microstructures

would ideally extend from continuous grain boundary ferrite

to no grain boundary ferrite. A series of two pass bead on

plate SAW screening welds were prepared with state of the

art welding consumables for this purpose. The screening

weld matrix consisted of 1) two plate/wire combinations.



T-3175 36

2) two heat inputs, and 3) welds with and without B and Ti

additions for a total of eight heat input-composition

combinations. The higher heat input was intended to promote

continuous grain boundary ferrite while the addition of Ti

and B was intended to suppress grain boundary ferrite

formation in the as-deposited weld metal and the coarse

grain region of the The microstructure and

microhardness of the as-deposited weld metal and the

were characterized and compared for the eight screening

welds prepared. Four weld metals were then selected for

further characterization of the RHZ^ based on the grain

boundary ferrite morphology in the as deposited weld metal

and in the coarse grain region of the ̂ HZ^.

In the second phase of experimentation, radial

dilatometry was conducted on the selected weld metals to

establish time temperature profiles for reheat zone

simulation. Dilatometry experiments were conducted to

determine the critical temperatures, and at heating

rates associated with welding operations, and to produce

partial weld metal Continuous Cooling Transformation (CCT)

diagrams. Critical temperature determination was necessary

for selection of peak reheat temperatures representative of

the tempered region (<Agj^) , partially transformed region

(Aci-Ac3) and the fine grain region of C-Mn RHZ^.
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Metallography was performed on the CCT samples to select the

exponential cooling rates which produced microstructures

most closely resembling the coarse grain region of the

in the respective screening welds. These cooling cycles

were used in the simulations described below.

In the third phase of experimentation, simulations

were conducted to identify the microstructures associated

with specific peak reheat temperatures. Peak temperatures,

selected on the basis of the critical temperatures measured

in phase two, were use to simulate the coarse grain region,

two microstructures from the fine grain region, two from the

partially transformed region and one from the tempered

region. The microstructure and microhardness formed in the

simulations were compared to actual RHZ^ in the screening

welds above to verify the microstructures produced were

similar to that found in multiple pass welds.

Initial Charpy tests of the RHZ^ microstructures

created were performed at a test temperature of -96®C.

Preliminary work had indicated this test temperature permits

both investigation of preferred crack paths in the

microstructures and qualitative toughness ranking (75).

Four peak reheat temperatures were selected for complete

charpy curve determinations based on extremes of

microstructure and qualitative toughness ranking.
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In the fourth and final phase of experimentation,

reheat zone simulations were conducted at the four peak

reheat temperatures selected above for determination of

Charpy V-notch transition curves. The RHZ^ transition

curves were then compared to curves prepared from the as

deposited weld metal. The Charpy transition temperature and

upper shelf energy data were interpreted with the

metallographic data above to determine the validity of the

reheat zone structure - property model proposed in Figure

1.8.
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3. EXPERIMENTAL PROCEDURE

This Chapter is divided into four sections describing

the procedures used in this investigation. First, a matrix

of screening welds designed to produce a range of

microstructures found in high dilution HSLA steel weld

metals is detailed. The second section deals with

procedures used to measure the critical temperatures,

and '^03' of the as deposited weld metals and to construct

partial Continuous Cooling Transformation (CCT) curves.

Next, the procedures used to generate and evaluate simulated

reheat zones in the weld metal are discussed. Finally the

accuracy of the evaluation techniques used in this program

is discussed.

3.1 Screening Welds

A range of acicular ferrite weld metal microstructures

were produced using several combinations of 19mm plate and

2.4mm Submerged Arc Welding (SAW) wire, each representative

of the state of the art in their respective alloy level

classifications. The plate and wire combinations used are

listed in Table 3.1. Representing the in C-Mn weld metals,

a C-Mn-Mo+Ti,B wire (Oerlikon Tibor22) was used on a

Quenched and Tempered (Q&T), C-Mn-Mo-Nb plate steel (Lukens

Quest). To representing the Mn-Ni-Mo weld metals, a



TABLE 3.1 -Steel SAW wire and plate compositions used to produce the screening
welds in this study. The resulting SAW weld metal compositions are also given.
The weld metal boron and titanium modifications were made by doping with an
appropriate wire.

pp"

C tm P S Si Cr Ni Ho Cu V M} Ti A1 Q N £ p
CE

.47

Wire

C-Mn-Mo+Ti,B .079 1.48 .008 .0096 .04 .12 .10 .31 .77 .003 .030 .028 60 80 30

cm

.24

.072 1.62 .015 .013 .34 .33 2.42 .51 .01 .006 .004 .007 .010 112 61 - .26 .67

Elat&
Q&T C-Mn-Mo-Nb .083 1.58 .016 .008 .20 .15 .15 .21 .12 <.001 .032 _ .056 90 110 7 .207 ,44

A710-A, Class 3 .050 .50 .007 .010 .33 .65 .92 .20 1.02 <.001 .039 .002 .030 50 100 - .21 ,47

CE - C + £li^ + gD +

^9

Ui

M

Ln
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Mn-Ni-Mo wire (Linde Mill20S-l) was used on a Cu-Ni-Cr-Mo-Nb

precipitation strengthened plate steel (A710, Grade A, Class

3). Abasia, agglomerated, CaP2-Mg0-Al203-Si02 submerged

arc welding flux designed for AC and DC welding (Oerlikon

0P121TT) was used for all welds.

The screening weld matrix consisted of eight, two pass,

bead on plate welds. Nominal heat inputs of 3 and 5MJ/m

were used with each of the two plate and wire combinations

noted above. Welds of each composition and heat input were

also made with the addition of Ti and B. The matrix of

eight screening welds is summarized in Figure 3.1. The

procedures used to produce and analyze the screening welds

are detailed below.

The first pass of each screening weld was made on the

longitudinal axis of a 19mm thick test coupon measuring

200x600mm for the A710 plate and 200x450mm for the Q&T C-Hn-

Mo-Nb plate. The second pass was centered on the toe of the

final 150mm of the first bead as illustrated in Figure 3.2.

The interpass temperature was 88±10°C. Welds were produced

with a Hobart submerged arc welding system using Direct

Current Reverse Polarity (DCRP). Parameters were adjusted

to produce welds of approximately 60% dilution for each heat

input and consumable combination. Current and voltage were

monitored continuously on a two trace chart recorder.



5 MJ/m
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FIGURE 3.1 - Illustration of the eight weld matrix of screening welds.
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The welding parameters and heat inputs used for each pass

are summarized in Table 3.2.

Titanium and boron were added by welding over a doping

wire with a nominal composition of 0.84B, 6.30Ti, bal Fe.

In order to maintain a constant dopant level for each of the

heat inputs used, the wire diameter was adjusted to

compensate for the expected difference in weld metal volume.

Wire diameters of 0.125 and 0.094 inches (3.18 and 2.38 mm)

were used to dope the 5 and 3MJ/m welds respectively. The

wire was made by a "powder in can method" detailed elsewhere

(33) with the exception that the 1006 steel can was

decarburized to < 0.03 wt. % C prior to the wire production

process.

The composition was determined for the first pass of

each screening weld. Substitutional element levels and

boron contents were measured on an ARL 3400 vacuum emission

spectrometer. The interstitial levels were measured by a

Leco CS224 carbon sulfur-analyzer and a Leco TC136 nitrogen-

oxygen analyzer. Compositions were compared to measurements

made at ARMCO Inc.'s Research and Technology Center. Good

agreement was found for all elements except Cu, Ti, and B.

A correction factor was generated for the Cu measurements

based on Armco's values as the standards available to date

at the Colorado School of Mines did not include higher



TABLE 3.2 - Summary of submerged arc welding parameters used for the screening
welds. The flux burden was removed after five minutes.

1-3
I
u>

M

cn

Weld Wire

Wire Wire Travel Heat* Interpass
Plate Pass Doped? Stickout Speed Speed V I Input Temp.

(y/N) (imn) (mm/s) (mm/s) volt amps (MJ/m) oc

HQ31 C-Mn-Mo+Ti,B Q&T C-Mn-Mo-Nb 1 N 31 64 5.7 32 530 3.0 91
2 N 31 64 5.7 33 510 2.9

HQ31TB C-Mn-Mo+Ti,B QST C-Mn-Mo-Nb 1 y 31 64 5.7 33 510 2.9 97
2 y 31 64 5.7 33 510 3.0

HQ51 C-Mn-Mo+Ti,B Q&T C-Mn-Mo-Nb 1 N 19 64 3.4 30 550 4.9 94
2 N 19 64 3.4 31 540 4.9

HQ51TB C-Mn-Mo+Ti,B Q&T C-Mn-Mo-Nb 1 y 19 64 3.4 30 540 4.8 89
2 N 19 64 3.4 30 550 4.9

HN31 Mn-Ni-Mo A710 1 N 31 64 5.6 35 470 3.0 78
2 N 31 64 5.6 35 470 3.0

HN31TB Mn-Ni-Mo A710 1 y 31 64 5.6 34 480 3.0 98
2 y 31 64 5.6 34 480 3.0

HN51 Mn-Ni-Mo A710 1 N 19 64 3.4 31 540 5.0 NB**
2 N 19 64 3.4 31 540 5.0

HNS1TB Mn-Ni-Mo A710 1 y 19 64 3.4 32 540 5.0 89
2 y 19 64 3.4 32 540 5.1

*  - Heat input was calculated using three significant figures on V & I.
Heat Input - V * I / (Travel Speed); Watt-s/mm = 0.001 MJ/in
NR = Not Recorded.

•1^

ui
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copper levels in iron. The B and Ti levels were reported to

be "for comparison only" by both laboratories and should be

treated as such.

Quantitative metallography was performed on transverse

sections, illustrated in Figure 3.3, of the single pass and

two pass weld metal sections. Nicroconstituent volume

fractions and line intercepts were made from fields

projected on the ground glass screen of a Neophot 21

metallograph. As deposited weld metal microconstituent

volume fractions were determined on the single pass

sections. Point counts were made with a 25 point, 80x80mm

grid placed on SOOx images. A total of 1000 point counts

were made, twenty five on each of forty SOOx fields

positioned in a 5x5mm area of the transverse section. The

count area extended downward from the plate surface and was

centered about the weld centerline. Mean linear intercept

values for acicular ferrite were calculated from 82+

intercept counts made on separate fields in the same section

area. Intercept counts were made utilizing a 150mm

circumference count circle on 1600x images. In addition,

line intercept counts were made in the reheat zones of

selected screening welds. Ten intercept counts were made at

1600x on a 150mm diameter count circle at as many six

locations. Fields at each location were chosen to maintain



1

5"'

FIGURE 3.3 - Illustration of the sections used in metallographic examination of
welded joints.
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a constant distance from the fusion line between the first

and second pass.

Microhardness traverses were made on both

the single and two pass weld metal sections. Traverses were

parallel to the surface of the plate at a depth of 3mm with

an indentation spacing of 0.25mm. Additional traverses were

made on selected two pass weld metal sections on a line

perpendicular to the fusion line between the first and

second pass.

3.2 Critical Temperature Petermination and Partial CCT's

Four of the screening welds were selected for further

investigation based on their weld metal microstructures.

Additional 'duplicate' single pass welds were made on

200x600(or 450)mm test coupons of 19mm plate for evaluation.

Welding parameters and the sampling disposition of the

duplicate welds are summarized in Tables 3.3 and 3.4

respectively.

The critical temperatures, A^^^ and A^^' weld

metals were determined at heating rates of 0.1 to 200^C/s by

radial dilatometry in flowing argon on a Gleeble 1500

thermomechanical test system. Measurements were made on

6.35mm diameter rods approximately 90mm in length. Where

material permitted, the dilatometry samples were machined

transverse to the screening welds as shown in Figure 3.2.



TABLE 3.3 - Summary of submerged arc welding parameters used for the duplicate
welds. The flux burden was removed after five minutes.

I
us

l-«

cn

Weld

HQ51
HQ52
HQ53
HQ54
HQ55
HQ56

HN51

HN51

HN51

HNS 4

HN31TB

HN31TB

HN31TB

HN31TB

HN51TB

HN51TB

HN51TB

Wire Wire Travel Heat
Wire Plate Doped? Stickout Speed Speed V I Inpui

(y/N) (mm) (mm/s) (mm/s) volt amps (MJ/i

Mn-Mo+Ti,B Q&T C-Mn-Mo-Nb N 19 64 3.4 30 550 4.9
n M

N 19 64 3.4 30 540 4.8
H n N 19 64 3.4 30 540 4.8
n II

N 19 64 3.4 30 ** —

II *• N 19 64 3.4 30 ** —

n •I

N 19 64 3.4 ** **
-

Mn-Ni-Mo A710 N 19 64 3.4 31 540 5.0
N II

N 19 64 3.4 31 530 4.9
II n

N 19 64 3.4 29 530 4.6
II II

N 19 64 3.4 32 530 5.0

Mn-Ni-Mo A710 Y 31 64 5.6 34 480 3.0
II II

Y 31 64 5.6 34 470 2.9
II n

Y 31 64 5.6 33 470 2.8
II n

Y 31 64 5.6 34 460 2.8

Mn-Ni-Mo A710 Y 19 64 3.4 32 540 5.0
n n

Y 19 64 3.4 31 530 4.9
II n

Y 19 64 3.4 30 530 4.7

*  - Heat input was calculated using three significant figures on V & I.
Heat Input = V * I / (Travel Speed); Watt-s/mm = 0.001 MJ/m

** NR_ = Not Recorded.
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TABLE 3.4 - Disposition of initial screening welds and duplicate welds selected
for further study.

Heat

Weld 2.4min Wire 19mro Plate Input Doped? Pass

Designation (MJ/m) (Y/N)

HQ51 C-Mn-Mo+Ti,B Q&T C-Mn-Mo-Nb 5 N 2

HQS 2 n 11
5 N 1

HQS 3 n n 5 N 1

HQS4 n n 5 N 1

HQSS If n 5 N 1

HQS6 ii N
5 N 1

HNSl Mn-Ni-Mo A710 5 N 2

HNS2
n .•> 5 N 1

HNS3
n n 5 N 1

HNS4
n n 5 N 1

HN31TB Mn-Ni-Mo A710 3 Y 2

HN32TB
n n

3 Y 1

HN33TB
m 3 Y 1

HN34TB
n 11

3 Y 1

HNSITB Mn-Ni-Mo A710 5 Y 2

HNS2TB
n n 5 Y 1

HNS3TB
n n 5 Y 1

Use

Metallography
Not Used (Machining Problems)
Tubular Quench Samples
Dilatometry Samples
Charpy Bar Blanks
Charpy Bar Blanks

Metallography, Dilatometry
Charpy Bar Blanks
Wrong Parameters (Not Used)
Charpy Bar Blanks

Metallography
Dilatometry Samples
Charpy Bar Blanks
Charpy Bar Blanks

Metallography, Dilatometry
Charpy Bar Blanks
Wrong Parameters (Not Used)

cn
o
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The dilatometry samples machined from the duplicate welds

were also machined in the transverse direction. Gleeble

1500 operational details may be found in Appendix I.

Radial dilatometry samples were heated to a peak

temperature of 1350^C and held for 120s prior to cooling at

a programed Newtonian exponential rate given by equation

3.1.

.  -kt [3.11

■fp- •'o
Where T=temperature at time, t, is the temperature of the

heat sink, is the peak temperature and k is a constant.

In this investigation, was set at O^C, which allows

Equation 3.1 to be reduced to:

T = Tp [3.2]
Temperature in Equation 3.2 is in ^C. During the thermal

cycle, the program was interrupted at temperatures below

200^C and the sample was allowed to free cool to room

temperature. Transformation start and finish temperatures

for partial CCT diagrams were determined from the radial

dilatometry traces on cooling. The computer program used to

generate the required time-temperature increments for

programming the Gleeble 1500 may be found in Appendix II

with a sample output.

3.3 Reheat Zone Simulation

Following the critical temperature determinations.
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reheat zone inicrostructures were generated in SOmin long

SxlOnun bars machined transverse to the weld. The bars were

subsequently notched and sized to SxlOmm subsized Charpy

Impact specimens as illustrated in Figure 3.4. Charpy

impact tests were then performed at -94®C on a Tinius-Olsen,

264 ft-lb Charpy-Izod tester.

The reheat time temperature schedules used are shown

schematically in Figure 3.5. Linear heating rates,

increasing to a maximum of 175^C/s with increasing peak

temperature, were used followed by a 10s hold at peak

temperature. The peak temperatures used were 670, 770, 850,

970, 1100, and 1350®C. Two exponential cooling cycles were

used in accordance with the heat input used to produce the

as-deposited weld metal. Cooling times from 800 to 500®C

C^^3_5} 30 and 50s for weld metal were used to correspond

with heat inputs of 3 and 5 MJ/m respectively.

The radial dilatometry fixture was adapted to measure

expansion in the 10mm direction of the bars during the

thermal cycle. Critical temperatures on heating and the

apparent transformation start and finish temperatures on

cooling were recorded.

One fracture surface of each Charpy bar tested was

nickel plated and sectioned. The plane of section was

normal to the fracture plane, and in the plane of the normal



Thermal Cycle

NOTCH

Size
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FIGURE 3.4 - Illustration summarizing the preparation of reheat zone Charpy V-
notch test results. Five by ten millimeter bars were machined transverse to the
weld, thermal cycled in the Gleeble 1500, notched, sized, then tested.
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weld metal section shown in Figure 3.3. Determination of

the microconstituents present for the respective peak

temperatures, and the microconstituents at the fracture

surface were made on these sections. Hardness (DPH^qq^) of

the reheat zone was determined from an average of five

readings taken near the root of the V notch on sectioned

Charpy bars. Care was taken to insure that readings were

taken far enough from the notch root to avoid the zone of

plastic deformation. The percent shear fracture was

determined using a planimeter on 4x photomacrographs of the

mating fracture surfaces.

Additional Charpy tests were conducted to determine 50%

FATT and upper shelf energy for peak reheat temperatures of

850, 970, 1100 and 1350°C. As welded Charpy tests were

conducted on notched and sized reheat blanks illustrated in

Figure 3.4. Due to a high degree of variability noted in

the as welded charpy results, Ti + B doped weld metals were

not evaluated in the reheated condition. Absorbed energy

was recorded in ft-lbs and the percent shear fracture was

estimated by the comparison method.

3.4 Accuracv of Measurement Techniques

The accuracy of the test results presented in the next

chapter are discussed below. It should be emphasized that

the uncertainties associated with these data are not
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unusual. It is instructive, however, to examine the

absolute accuracy of the data.

3.4.1 Accuracy of Quantitative Metallography

The International Institute for Welding (IIW) has

concentrated a considerable effort on weld metal

microconstituent determinations since the mid 1970's (4-

6,76-79). Procedures used in this program adhere to the

guidelines established as a result of this work. However,

these values are for comparison only and are not expected to

be accurate on an absolute level. Ignoring the personal

biasing addressed by the IIW (78,79), there are other

factors contributing to the 'qualitative* nature of

quantitative metallography on weld metals.

A large degree of uncertainty in the absolute accuracy

of quantitative metallographic measurements arises from the

non-uniform distribution of the weld metal

microconstituents. Microconstituents such as grain boundary

ferrite and Widmanstatten ferrite side plates are associated

with the boundaries in high aspect ratio, prior austenite

grains. Therefore measured volume percents of these

boundary microconstituents will be dependent on the plane of

section. In a typical weld metal, the aspect ratio of the

prior austenite grains is approximately 10. The grains may

be modeled an array of hexagonal prisms with a face edge to
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to height ratio of 20. A section normal to the prism axes

will sample more than 1.6x the grain boundary length per

unit area in a section parallel to the prism axes through

corners. The ratio of grain boundary length per unit area

to grain boundary area per unit volume is only slightly

higher. This suggests that the volume percent of a boundary

associated microconstituent determined from transverse weld

metal sections may be less than 70% of the true value. The

phenomenon also results in a somewhat inflated value for

volume fractions of intragranularly nucleated

microconstituents such as acicular ferrite.

Microstructural constituents are also biased by the

position of the point counts. The prior austenite grain

boundary spacing decreases in weld metals near the fusion

line. This results in a biasing to higher volume fractions

of grain boundary constituents near the fusion line. In

this work, a constant transverse section area was used for

intercept counts. Since the section area of the 3MJ/m welds

is considerably smaller than the 5MJ/m welds, a larger

fraction of the points were taken in the proximity of the

fusion line. This biases the results toward higher volume

fractions of grain boundary and side plate ferrite in the

3MJ/m weld metals, irrespective of heat input effects. Also

consider that the size and composition of the weld pool can
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vary with position along the weld (80).

Futhec uncertainties arrise from the statistical errors

inherent in measuring small volume fractions of a

microconstituent. Gladman and Woodhead (81) have shown in a

uniformly distributed microstructure, the standard error of

the mean, may be estimated by:

Sq = (f*(l-f)/n)°*5 [3.3]
where f is the measured volume fraction and n is the number

of total points counted. Confidence intervals estimated by

Equation 3.3 show there is a high relative error associated

with low volume fractions even when counting the recommended

1000 points. The 95% confidence interval of the mean

exceeds the measured mean for volume percentages of less

than 1.5.

The reported uncertainty limits for quantitative
/

metallography in this investigation are as follows: Point

count uncertainties are calculated assuming a geometric

distribution as per Eq. 3.3 (81) rather than from the

statistics on individual grid counts (82). Mean linear

intercept confidence limits were estimated by the ASTM

method (83) with the exception that the log normal

confidence limits are reported rather than an average of the

upper and lower limit.
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3.4.2 Accuracy of Thermal History and Transformation
Temperatures

Accuracy of the thermal history of samples processed in

the Gleeble 1500 is influenced by both the program tracking

capability of the Gleeble 1500 and the accuracy of the

temperature measured (feedback signal). To maintain program

tracking accuracy, the single set point servo trim on the

Gleeble 1500 was adjusted during testing. The tracking

accuracy during heating and cooling was approximately ±4% on

heating and ±2% on cooling. Adjusting the set point during

testing also resulted in the measured peak temperatures

being within ±10^C of the aim peak temperature.

Accuracy of the temperature measuring equipment was

estimated from product data literature. The reported

accuracy of the thermocouple wire used was ±0.5%, Gleeble

1500 instrumentation, ±1%, and drag down by conductive

losses up the thermocouple wires of 0 to -1%. Considering

the instrument errors above and discounting the difficulties

with transformation finish temperatures described by Eldis

(84), the expected accuracy of the transformation

temperatures reported is somewhat better than 2% (20*^0 at

^cl^ •
The reproduciblity of the results was determined

experimentally by conducting a radial dilatometry experiment

on cold rolled 1018 steel rod. Seven samples were heated to
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1200^C at lO^C/s and the transformation temperatures were

recorded. The measured critical temperatures on heating are

presented in Table 3.5 with the sample statistics. The data

indicated that the sampling variability is expected to be

less than 1%. Discounting the expected increase in the

at heating rates of 10®C/s, the expected was 720°C from

Andrews (85), suggesting absolute accuracy was within 1.5%.

Also note the variability measured was approximately one

half the expected measurement error.

Placement of the radial dilatometer fixture may also

lead to measurement errors in the transformation

temperatures. Steep thermal gradients are associated with

tests run on the Gleeble 1500 with short spans between the

water cooled jaws. With free spans of less than 19mm, the

uniform temperature region in the center of the sample is

very small and minor radial dilatometry fixture positioning

error leads to erroneous data. Wider uniform temperature

zones are obtained in samples with free spans of 19mm or

more. This minimizes the errors associated with the minor

positioning errors likely to be encountered.
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TABLE 3.5 - Summary of measured critical temperatures on
cold rolled 1018 steel. Measurements were made by radial
dilatometry on separate samples using the Gleeble 1500 test
system. Samples were_heated at 10 C/s in flowing argon.
The average values, x, standard deviation, s, deviation of
the mean, s and the ninety-five percent confidence inter
vals, 95% are also reported.

Transformation Temperature,

\l Ac3

729 895

730 901

730 891

732 898

737 894

730 885

732 890

X 731 893

s 2.7 5.3

®0 1.1 2.2

95% ±0.5% ±0.9%

95% Cj^ ±0.2% ±0.4%

(mean)
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3.4.3 Mlcrostrucbural OniformitY in Reheat Zone Simulation

The determination of reheat zone properties in actual

weld metals is difficult due to the relatively small volume

of material associated with any one reheat zone. Measuring

the properties in a particular region of a reheat zone is

more difficult. Reheat zone simulation produces volumes of

a particular thermal history and resultant microstructure

large enough to test physical properties. The gradual

microstructural gradients in the reheat zones of the alloyed

acicular ferrite reheat zones suggest the expected variation

in peak temperature of < ±10®C will not adversely effect the

variability of the Charpy results. In this study, the

uniform microstructure zones in individual Charpy bars

extended approximately 2mm either side of the notch. Even

with the considerable deformation expected for upper shelf

Charpy tests, all the material tested is essentially of

uniform microstructure. In actual weld metals, the plastic

zone is expected to incude a large volume of microstructures

outside of the region of interest. Although this suggests

that the properties measured on actual weld metals may

differ, the reheat zone simulation remains a powerful tool

for developing an understanding of the microstructure and

property development in the microstructural composites known

as multiple pass welds.
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4. RESULTS AND DISCDSSIQN

The data in this program is best presented and

discussed in individual sections prior to considering its

overall implications in multiple pass welding of alloyed

acicular ferrite submerged arc weld metals. First the

results of the screening welds will be presented and

discussed followed by dilatometry results on heating. Next,

the reaustenitization reaction in the weld metal will be

considered. Finally, simulated reheat zone microstructures

and properties will be presented and discussed. The results

of the partial weld metal CCT constructions are presented in

Appendix III. Following the presentation of the individual

sections above, the expected behavior of a multiple pass

weld will be discussed in light of the data presented. For

ease of discussion, the weld designations used have been

shortened. For example, the 5MJ/m, bead on plate, Mn-Ni-Ho

wire on 19mm A710 plate weld will be referred to as the

5MJ/m, Mn-Ni-Mo on A710 weld.

4.1 Screening Weldis

In Chapter 2, the stated objective of the screening

welds was to produce a range of HSLA steel, acicular ferrite

weld metals. Specifically, boron and titanium additions

were made to 3 and 5MJ/m welds to inhibit allotriomorphic

ferrite formation in both the as-deposited weld metal and in
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the coarse grain region of the reheat zone as observed by

other investigators (72). The range of heat inputs was

intended to influence the amount of grain boundary ferrite

and fineness of the acicular ferrite formed, with the higher

heat input resulting in more grain boundary ferrite and

acicular ferrite.

Compositions of the screening welds are presented in

Table 4.1. The compositions are commensurate with a

dilution level of approximately 60% percent with the

respective consumables used. In the doped welds, the

titanium and boron levels are highly suspect and should be

used for comparison only. The aim levels for titanium and

boron elements was 0.03 wt. % and 35 ppm, respectively,

based on a estimated recovery of 50% during the welding

operation.

4.1.1 As Deposited Microstructures

Although all the screening weld microstructures were

similar in that they contained a volume fraction of acicular

ferrite of greater than 0.88 with discontinuous grain

boundary ferrite, heat input and Ti+B additions affected

both the fineness of the microstructure, and the amount and

type of other microconstituents present. The

microstructural fineness, as expressed by the mean linear

intercept, and the cumulative volume percent of the



TABLE 4.1 - Weld metal compositions of the screening welds. The weld metal
boron and titanium modifications were made by doping with an appropriate wire.

ppni

—C tta E S SI Cc HI HQ Ql a tt2 li hi 0 H fl_ CE

Weld Metal (3iu/m)
C-lfti-No4Ti,B Hire .079 1.48 .014 .0076 .17 .14 .12 .26 .32 .002 .021 .007 .020 270 100 14 .21 .44

on

QST C-Hn-Mo-lt) Plate .08* 1.44 .014 - .18 .14 .12 .25 .36 .002 .019 jSUl .020 - - 51 .23 .43

Nn-Ni-Mo Hire .053 .96 .013 .015 .34 . 55 1.62 .34 .64 .002 .023 .004 .015 259 79 3 .22 .54

A710 Plate .05" .97 .014 - .35 .55 1.64 .34 .73 .002 .024 .JJ15 .022 218 80 fiO .23 .55

Weld Hetal (5Ki/ni)
C-f*i-Hom,B Wire .072 1.46 .014 .0073 .17 .14 .12 .26 .32 .002 .017 .007 .023 259 99 12 .20 .43

on

Q&T C-Wi-Mo-It) Plate .077 1.41 .016 .0084 .17 .13 ,11 .25 ,36 .002 .017 JUSl .020 271 103 5i .22 .41

Nn-Ni-Mo Wire .057 .94 .013 .010 .33 . 53 1.59 . 33 .78 .002 .023 .004 .019 269 77 - .23 . 54
on

A710 Plate .048 .93 .013 .010 ,35 ,54 1,55 ,32 .75 .002 .022 .011 ,020 251 78 5tl .24 ,53

CC - C 4^ Ct^v + ̂  + Hl|gu
* - Estimated Value

I
OJ

M

U1

as
ui
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microconstituents present are summarized in Figure 4.1a and

4.1b respectively. Current IIW microconstituent

designations (5) used in Figure 4.1b are summarized in Table

4.2. Mean linear intercept and microconstituent volume

percent values are tabulated in Appendix IV with their

sampling statistics.

An increase in heat input from 3 to 5 MJ/m increased

the mean linear intercept of the C-Mn-Mo+Ti,B on Q&T C-Mn-

Mo-Nb welds by fifteen percent but had essentially no effect

on the fineness of the Mn-Ni-Mo on A710 weld metals. An

expected increase in resistance to coarsening and/or a lower

transformation start temperature for the more highly alloyed

Mn-Ni-Mo on A710 weld metals (see partial CCT's in Appendix

III) may be responsible for the difference in behavior

between consumable systems. Raising the heat input also

increased the amount of grain boundary ferrite present by 20

to 100%, independent of the consumable system or dopant

level. Cheug (30), and more recently. Fleck (86) have shown

that increasing the austenite grain size should reduce the

amount of grain boundary ferrite present, all other factors

held constant. The higher grain boundary ferrite volume

fractions then are particularly significant in light of the

larger prior austenite grain diameter in the 5MJ/m weld

metals and the postioning bias of the point counting
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2.2 -
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Submerged Arc Weld Metal

} 90%t-

Ti*B TifB Tii-B Ti^-B

3MJ/m SMU/m 3MJ/m 5MJ/m

C-Mn-Mo •»-Tl, B on Oai C-Mn-Mo-Nb n-Ni°Mo on A7I0

□ PF(G)

0 FS(SP)

Tl+B Ti+B Ti-t-B Ti^B

3 MJ/m 5MJ/m 3 MJ/m 5 MJ/m

C-Mn-Mo Ti, B on OaT C-Mn-Mo-Nb n-Ni-Mo on A 710

FIGURE 4.1 - Microstructural summary of the screening welds
indicating a) the mean linear intercept and b) the
microconstituent volume fractions. Note the effect of Ti+B
additions and heat input differ for C-Mn-Mo+Ti,B on Q&T C-
Mn-Mo-Nb and Mn-Ni-Mo on A710 weld metals.
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TABLE 4.2 - Tabulation of weld metal microconstituents as

per IIW guidelines (5). A subcategocy or lower subcategory
is chosen if the particular microconstituent can be
distinguished beyond the main category.

MAIN CATEGORY

Primary Perrite

SUBCATEGORY(S)

also:

also;

Perrite with

Second Phase

Grain Boundary Perrite
Blocky Perrite
Allotriomorphic Perrite
Perrite Veins

Intergranular Polygonal Perrite
Perrite Idiomorphs

Perrite w/Non-Aligned 2nd Phase

Perrite w/Aligned 2nd Phase
Perrite Side Plates

also: Widmanstatten Perrite
Bainite

Upper Bainite
Lower Bainite

ABBREVIATION

PP

PP(G)

Acicular Perrite

Perrite Carbide

Aggregate

Martensite

Pearlite

Lath Martensite

Twinned Martensite

PP{I)

PS

PS(NA)

PS (A)
PS(SP)

PS(B)
PS(UB)
PS(LB)

AP

PC

PC(P)

M

M(L)
M(T)
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technique discussed in Chapter 3. The increase in heat

input also resulted in a three to five fold reduction in the

amount of ferrite with aligned second phase present in the

Nn-Ni-Mo on A710 welds. This was expected as the

microconstituent has been associated with more rapid cooling

(lower heat inputs).

Doping with titanium and boron resulted in a six fold

reduction in grain boundary ferrite in the measured volume

fraction of grain boundary ferrite in the Mn-Ni-Mo on A710

weld metals. The reduction in grain boundary ferrite

duplicates results of other investigators (31-37). The

mechanism thought to be responsible is inhibition of grain

boundary ferrite nucleation by free boron at prior austenite

grain boundaries. Although a similar reduction in grain

boundary ferrite was not noted for the C-Mn-Mo+Ti,B on Q&T

C-Mn-Mo-Nb weld metals it is important to consider that the

undoped C-Mn-Mo+Ti,B on C-Mn-Mo-Nb weld metals may already

contain sufficient Ti & B for maximum effective grain

boundary ferrite inhibition.

Titanium and boron additions also appeared to refine

the acicular ferrite lath size for both consumable systems

and heat inputs. Although the reduction in lath size was

apparent in lOOOx micrographs, a large number of intercept

counts were required to determine if this was a significant
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effect. The mean linear intercept results summarized in

Figure 4.1a indicate there was a refinement in each of the

weld metals at a 90% confidence limit except in the 5MJ/m

Mn-Ni-Mo on A710 weld metals. Counting bias or the larger

mean linear intercept associated with the ferrite with

aligned second phase constituents in the 5MJ/m, Mn-Ni-Mo on

A710+Ti,B may explain the difference between the visual

perception of refinement with the Ti+B addition on

photomicrographs, and the linear intercept values.

The mechanisms responsible for the reduction in

acicular ferrite lath size with Ti and B additions were not

investigated. However, Brownlee (29) has shown that

changing the Ti level in the weld metal at a constant B

level does not increase the number of particles in the size

fraction thought to serve as acicular ferrite nuclei (11)

but rather may increase their effectiveness or the

effectiveness of the boron addition. This mechanism was

earlier proposed by other investigators (33,34). The

increase in the number of active nucleation sites would

result in a finer acicular ferrite lath size and may be the

responsible mechanism in this study. Other investigators

(87,88) have shown boron alone causes a refinement of C-Mn

steel weld metal containing little or no acicular ferrite.

However, the mechanism shown to be responsible for the
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refinement was fercite idiomorph nucleation on iron

borocarbides at austenite subgrain boundaries.

4.1.2 Reheat Zone Microstructures

As with the as-deposited weld metals, the reheat zone

microstructures of the screening welds were similar. The

width of the reheat zones, measured normal to the fusion

line at 1/2 the depth of penetration, was approximately 4

and 8mm for the 3 and 5MJ/m heat input welds respectively.

Likewise, the width of the respective coarse grain regions

was 0.35 and 0.65mm. Although the microstructural

similarities will become apparent, the reheat zone

structures in the C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb and Mn-Ni-

Mo on A710 weld metals will be considered separately below.

The effect of the Ti+B addition on the reheat zone

microstructure in the C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb welds

was negligible. An argument for refinement of the

microstructure due to the Ti+B addition might be made from a

comparison of photomicrographs, but the difference, if

present, is quite small. Verification of differences in

microstructural fineness by mean linear intercept

determination was abandoned due to a very high count

variability within reheat zone regions. A large difference

in the fineness and morphology of the microstructure was

noted in the 3 and 5MJ/m RHZ^'s as indicated in respective
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micrographs presented in Figure 4.2. The micrographs

indicate the more eguiaxed nature of large ferrite grains in

the region adjacent to the coarse grain zone and in the

partially transformed region of the 5MJ/m reheat zone when

compared to the 3MJ/m reheat zone. Also in Figure 4.2, note

the presence of small islands of secondary microconstituents

dispersed throughout the ferrite grains. The dark islands

are ferrite carbide aggregates, the gray islands are

characteristic of martensite islands, and the small 'bright'

islands are presumably retained austenite. In regions other

than the coarse grain zone, coarser more equiaxed ferrite

was associated with the prior austenite grain boundaries

from the as-deposited microstructure. The coarser ferrite

at the prior austenite grain boundaries was particularly

more noticeable with increasing distance from the coarse

grain zone.

In reheat zones of the Mn-Ni-Mo on A710 welds, the Ti

and B additions caused a decrease in the amount of grain

boundary ferrite in the coarse grain region but did not seem

to affect the remainder of the reheat zone. Also, the

microstructural differences between the 5MJ/m and 3MJ/m

reheat zones were small in comparison to those in the C-Mn-

Mo+Ti,B on Q&T C-Mn-Mo-Nb welds. Micrographs from the

5MJ/m, Mn-Ni-Mo on A710+Ti,B reheat zone representative of
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the reheat regions in all the Mn-Ni-Mo on A710 welds are

presented in Figure 4.3. In the region adjacent to the

coarse grain region. Figure 4.3b, an area of high aspect

ratio is noted by arrows. High aspect ratio areas were

found close to, but not immediately adjacent to, the coarse

grain region of the reheat zone in all of the screening

welds. The areas of high aspect ratio were neither

continuous or of consistent aspect ratio or morphology, but

were notably higher in aspect ratio than adjacent regions.

Although slightly more coarsening was noted in 5MJ/m reheat

zones when compared to 3MJ/m reheat zones, the degree of

coarsening was small when compared to the C-Mn-Mo+Ti,B on

Q&T C-Mn-Mo-Nb weld metals above. Also note the high degree

of acicularity maintained throughout the microstructural

regions depicted in Figure 4.3. Small islands of secondary

microconstituents dispersed throughout the ferrite grains

are also present in the reheat zone of the Mn-Ni-Mo on A710

reheat zones. However the presence of the ferrite carbide

aggregate microconstituent was only noted in the fringes

(presumably the tempered region) of the reheat zone. As

noted in the C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb reheat zones,

coarser reduced aspect ratio ferrite was associated with the

prior austenite grain boundaries from as-deposited

microstructure in regions other than the coarse grain zone.
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Reheat zone mean linear intercept values as a function

of distance from the fusion line are compared to as-

deposited intercept values in Table 4.3 compare the relative

microstructural coarsening in the reheat zone. Observed

microstructural coarsening in the reheat zone was 15 to 30%

as measured by the mean linear intercept method, which is

lower than values of 25 to 40% reported for C-Mn weld metals

(64). C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb welds they were not

subject the coarsening with an increase in heat input from 3

to 5MJ/m exhibited by the C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb

welds. The Mn-Ni-Mo on A710 welds were less sensitive to

coarsening in the reheat zone.

Microhardness traverses run on the two pass welds

indicate there is very little difference in hardness between

the as-deposited and reheat zone microstructures. Hardness

differences were small, approximately 10-20 points DPH,

which are at the level of the variability expected in

microhardness measurements (89). Hardness drops of 50

points DPH have been reported for C-Mn acicular ferrite weld

metals from the as-deposited structure to the adjacent fine

grain region (64) indicating the alloyed acicular ferrite

weld metals are more resistant to a loss in strength on

reheating.
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TABLE 4.3 - Mean linear intercept values at various
positions in the reheat zone for selected screening welds.

95%

Distance From Mean Confidence
Weld Fusion Line Intercept Limit

mm microns microns

As Welded 1.96 + .04r -.04
0.65 2.62 + .33, -.36
1.40 2.36 + .27, -.22

5MJ/m 2.40 2.54 + .23, -.19
C-Mn-Mo+TirB on 3.15 2.37 + .12, -.13
Q&T C-Mn-Mo-Nb 4.15 2.54 + .22, -.19

5.15 2.48 + .19, -.16
5.90 2.06 + .17, -.15
7.7 -

As Welded 1.98 + .04, -.04
5MJ/m 0.50 2.62 + .14, -.13

Mn-Ni-Mo on 2.75 2.56 + .20, -.17
A710 4.75 2.42 + .12, -.11

6.50 2.17 + .22, -.20
8.0 -

As Welded 1.90 + .04, -.03
3MJ/m 0.50 2.16 + .11, -.10

Mn-Ni-Mo on 1.75 2.42 + .20, -.17
A710 + Ti,B 2.75 2.11 + .15, -.13

3.50 2.02 + .07, -.07
3.8 -

As Welded 2.05 + .04, -.04
5MJ/ra 1.25 1.78 + .15, -.13

Mn-Ni-Mo on 3.50 2.20 + .11, -.10
A710 + Ti,B 5.50 2.07 + .14, -.12

7.75 2.19 + .16, -.14
7.8 -

Comment

Coarse Grain Region

End Reheat Zone

Coarse Grain Region

End Reheat Zone

Coarse Grain Region

End Reheat Zone

Coarse Grain Region

Tempered Region
End Reheat Zone
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4.1.3 Summary of Screening welds

The range of microstructures obtained in the screening

welds was quite narrow. All the weld metals had as-

deposited microstructures of acicular ferrite with

discontinuous grain boundary ferrite. Microstructural

similarities extended into the reheat zones. The coarse

grain regions contained acicular ferrite in eguiaxed prior

austenite grains decorated with discontinuous grain boundary

ferrite. The balance of the reheat zone contained a mixture

of ferrite of mixed size and aspect ratio with fine islands

of secondary microconstituents including martensite, ferrite

carbide aggregate and, presumably, retained austenite.

Doping the weld metals with Ti and B resulted in a

decrease in acicular ferrite lath size for both the C-Mn-

Mo+Ti,B on Q&T C-Mn-Mo-Nb and Mn-Ni-Mo on A710 weld metals.

The additions also reduced the amount of grain boundary

ferrite present in the as-deposited and coarse grain reheat

zone microstructures of the Mn-Ni-Mo on A710 welds. The

increase in Ti and B content over that already present in

the C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb welds had no measurable

effect on grain boundary ferrite content in the as-deposited

or reheat zone microstructures.

Observed microstructural coarsening in the reheat zone

was 15 to 30% as measured by the mean linear intercept
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method, which was lower than values of 25 to 40% reported

for C-Mn weld metals (64) . Although the as-deposited Mn-Ni-

Ho on A710 weld metal microstructures were slightly coarser

than the C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb welds they were not

subject to the coarsening with an increase in heat input

from 3 to SMJ/m exhibited by the C-Mn-Mo+Ti,B on Q&T C-Mn-

Mo-Nb welds. The Mn-Ni-Mo on A710 welds were also less

sensitive to coarsening in the reheat zone.

There was essentially no hardness gradient from the as-

deposited microstructure through the reheat zone in the in

the screening welds. This is in contrast to the reported

drop in hardness in C-Mn acicular ferrite weld metals (64).

Four weld metals were selected for further study based

on the maximum range of screening weld microstructures.

These were the 5MJ/m, C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb weld,

the 5MJ/m, Mn-Ni-Mo on A710 and A710+Ti,B welds and the

3MJ/m, Mn-Ni-Mo on A710+Ti,B weld. The 5MJ/m, C-Mn-Mo+Ti,B

on Q&T C-Mn-Mo-Nb weld had the highest volume fraction of

grain boundary ferrite in the as-welded and coarse grain

region microstructures and demonstrated the least resistance

to coarsening. The 3MJ/m, Mn-Ni-Mo on A710+Ti,B weld was

selected for the lowest volume fraction of grain boundary

ferrite and the highest resistance to coarsening. The

microstructures and coarsening behavior of the additional
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welds fell between those above.

4.1.4 Duplicate Welds

To measure physical properties of the four weld metals

selected, duplicate welds were prepared to provide

additional material. The duplicate welds were produced

using the procedures and consumables used for the screening

welds. Microstructures in the undoped duplicate welds were

virtually identical to those in the screening welds.

However, in the doped welds, the microstructures obtained

were both variable and quite different from those in the

screening welds. The 5MJ/m, Mn-Ni-Mo on A710 + Ti,B

duplicate weld contained approximately 60%-80% acicular

ferrite with the balance being ferrite with aligned second

phase as either large transgranular lath structures or small

lath packets. The 3MJ/m, Mn-Ni-Mo on A710 + Ti,B duplicate

welds contained from 40 to 100% ferrite with aligned second

phase with the balance being acicular ferrite.

A comparison of selected screening and duplicate weld

metal compositions presented in Table 4.4 suggest this was

due to a much higher Ti and B level in the duplicate welds.

Note that Armco's measured values for Ti and B in the doped

screening welds HQ31TB and HQ51TB were 0.009 wt% and 13ppm

by weight where that reported for the duplicate welds HN52TB

and HN3TB were >0.015 and >30ppm. There is no direct



TABLE 4.4 - The SAW weld metal compositions of selected screening and duplicate
welds. Armco and CSM analyses ace reported where available. Weld metal boron
and titanium measurements are not in agreement but ARMCO analyses indicate the
duplicate welds contain substantially higher Ti and B levels.

tJ

U1

ppm Acid

Soluable
Weld Analysis C Mn P S Si Qt Ni Mo Qi V Ti A1 O N B A1 Ti

HQ31 CSM

ARMCD

.079 1.48

1.50

.014 .0076 .17

.18

.14

.14

.12

.12

.26

.25

.32

.32

.002 .021

.026

.007

.007

.020

.025

270 100 14

11

HQ31TO CSM

ARMCO

- 1.44

1.46

.014
-

.18

.18

.14

.13

.12

.11

.25

.21
.36

.36

.002 .019

.024

.022

.009

.020

.024

- - 53

13

HQ5I CSM

ARMCO

.072 1.46

1.49

.014 .0073 .17

.18

.14

.13

.12

.11

.26

.25

.32

.26

.002 .017

.023

.007

.006

.023

.022

259 99 12

8

HQSira CSM

ARMCO

- 1.41

1.43

.016 .0084 .17

.17

.13

.13

.11

.11

.25

.24

.36

.34

.002 .017

.022

.016

.008

.020

.022
271 103 54

13 .003 .007

HN31 CSM

ARMCO

- .96

1.00

.013
-

.34

.34

.55

.57

1.62
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comparison for the doped Mn-Ni-Mo on A710 screening and

duplicate weld metals. However the Ti and B levels

determined at CSM for all the doped screening welds were

constant. The Ti and B differences between the doped C-Mn-

Mo+Ti,B on Q&T C-Mn-Mo-Nb screening welds and Mn-Ni-Mo on

A710 duplicate welds, measured above, is also expected in

the doped Mn-Ni-Mo on A710 screening and duplicate welds.

4.2 Critical Temperature Determination

As noted above, four weld metals were selected for

further study. These were the 5MJ/m, C-Mn-Mo+Ti,B on Q&T C-

Mn-Mo-Nb weld, the 5MJ/m, Mn-Ni-Mo on A710 and A710+Ti,B

welds and the 3MJ/m, Mn-Ni-Mo on A710+Ti,B welds.

Determination of the transformation or critical

temperatures, A^^^ and A^^' was necessary to develop an

understanding of the microstructures in the reheat zones of

these weld metals. The results of the radial dilatometry

and additional tests for determination of the critical

temperatures are presented below.

Dilatometry samples were machined out of duplicate,

single pass, bead on plate welds for the 5MJ/m, C-Mn-Mo+Ti,B

on Q&T C-Mn-Mo-Nb weld and the 3MJ/m, Mn-Ni-Mo on A710+Ti,B

weld. As discussed in Section 4.1.4, the duplicate Ti+B

doped welds did not develop microstructures or compositions

which duplicated the initial screening welds. However,
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testing was completed on the doped welds to evaluate the

transformation behavior of Mn-Ni-Mo weld metals with similar

compositions but differing ferrite morphologies.

4.2.1 Radial Dllatometrv on Heating

Radial dilatometry utilizing heating rates of 0.1 to

200°C/s was used to investigate the weld metal

transformation temperatures on heating. The weld metals

tested yielded unusual (aD)/(D^) vs. temperature curves as

shown in Figure 4.4. The weld metal demonstrated a near

linear expansion with temperature up to the The sample

then expanded at a lesser rate, went through local maximum

followed shortly by a local minimum before returning to a

linear expansion with temperature at approximately 900°C,

noted on Figure 4.4 as the Expansion then continued in

an approximately linear fashion until temperatures in excess

of lOOO^C, where a sudden increase in volume was observed

before resuming a slightly steeper linear expansion with

temperature. The sudden increase in diameter was determined

to be associated with a transition from an acicular to an

equiaxed austenite morphology. For ease of discussion, the

temperature associated with the morphology change is

referred to as the austenite recrystallization temperature,

Vjjfp, as discussed in Section 4.3. The "false A^^"'

at a temperature above the is included in Figure 4.4
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for discussion in Section 4.3.

Results of the radial dilatometry for each weld metal

are summarized in Figures 4.5 and 4.6 and are tabulated in

Appendix IV. The results for the 5MJ/m, C-Mn-Mo+Ti,B wire

on Q&T C-Mn-Mo-Nb plate and Mn-Ni-Mo wire on A710 plate

welds are presented in Figure 4.5a and 4.5b respectively.

The data for the 5MJ/m and 3MJ/m, Ti+B doped Mn-Ni-Mo wire

on A710 plate welds are presented in Figure 4.6a and 4.6b.

The sample geometries are also indicated in Figures 4.5

and4.6 as the sample and fixturing geometry may influence

the accuracy of the data (see Chapter 3). The measured A^^^

and ^c3 for all the weld metals investigated, show very

little change with heating rate until heating rates

approaching 50°C/s are reached. This is in agreement with

published A^j^ and A^^ measurements for wrought materials

(90,91). However, the is strongly influenced by the

heating rate. An increase in the recrystallization

temperature of 200®C was observed in the range of heating

rates investigated. In the heating rate range of interest

for SAW welds, >20°C/s, the effective recrystallization

temperature may be in excess of 1200^0. Note this

temperature is in the range shown to produce the coarse

grain region of the HAZ in HSLA plate (92). One should also

note that the Vj^tp's for the Ti+B doped welds are 30-50°C
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higher than the undoped compositions at SAW heating rates.

A similar delay in transition of the austenite morphology

due to boron has been noted in wrought materials (93).

Also, the heat input used to generate the doped weld metals

had virtually no effect on the transformation temperatures.

4.2.2 Verification and the

The initial interpretation of the aD/D^ vs temperature

curves, such as the one presented in Figure 4.4, was that

the final high temperature expansion at the was actually

associated with the Assuming that this "false A^^" or

A^j'* a temperature above the in Figure 4.4, was the

actual A^2' temperatures between the A^^

Figure 4.4 would necessarily be a two phase region of

austenite and ferrite. A volume increase would also be

necessary on the final transformation of ferrite to

austenite. Although volume expansion is not usually

expected when transforming from a bcc to a fee crystal

structure, an extrapolation of the uncorrected coefficients

of thermal expansion from below the A^^^ and above the A^^ •,

shown in Figure 4.4, indicated the apparent volume per atom

in austenite exceeded that in ferrite at approximately

lOOO^C. Data for pure iron also show a similar cross over

in extrapolated volume/atom at 1300®C (94), suggesting this

is a plausible explanation for the discontinuity in
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expansion noted at high temperatures. However, the

magnitude of the uncorrected Coefficients of Thermal

Expansion (CTE's), given by the slope of each of the linear

regions in Figure 4.4, are not supportive of this contention

as described below.

To evaluated whether the ̂ ^3' shown in Figure 4.4 was

the actual ̂ c3 , the CTE's in each of the three linear

portions of the of aD/D^ vs temperature curves were

evaluated to determine the amount of ferrite expected at a

given peak temperature by a rule of mixtures computation.

The uncorrected CTE's for the 5MJ/m, Mn-Ni-Mo on A710 weld

metal were determined from the aD vs temperature traces for

this evaluation. These data are summarized in Table 4.5.

The apparent CTE's for ferrite (below the were

generally higher than the expected value of 13xlO~®/®C (95).

Normallizing to the individual CTE measured for ferrite

(below , the CTE between the the A^^' was

approximately 30% higher than that expected for austenite

(95) (see CTE2/CTEj^ in Table 4.5). Furthermore, measured

CTE's above the ̂ c3' were double that between the A^^ &

Ag^'# three times that of the ferrite. The CTE above

the also varied more with sample geometry and heating

rate. Again, assuming the A^^* was the actual A^,3, rule of

mixtures calculations, based on the CTE's above, indicated
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TABLE 4.5 - Summary of uncorrected CTE's for the 5MJ/m, Mn-Ni-Mo on A710 weld
metal.

Heating Temp. Uncorrected Temp. Uncorrected Temp. Uncorrected
Sample Rate

®C/s
Range CTE,

oc-lxlo®
Range
oc oc-Tx?06

CXB2
CTEj

Range
oc

CTE^
oc-lxI06

CTE3

CTEj

HN5L0.1 0.1 300-700 17.1 887-987 22.5 1.32 1020-1170 24.9 1.46
NH5L0.3 0.3

n
19.9 900-990 33.1 1.66 1020-1200 38.9 1.95

NH5L1 1
n

17.4 900-990 28.2 1.62 1060-1200 41.0 2.36
HN5L3 3 n

15.2 900-1020 24.7 1.63 1100-1350 41.8 2.75

HN5L10E200 10 300-700 15.2 870-1030 23.3 1.53 1120-1320 45.4 2.99
HN5L20E100 n

14.1 920-1100 23.9 1.70 1130-1330 40.6 2.88
HN5L30E30 30 n

14.1 930-1100 23.0 1.63 1140-1340 39.4 2.79
HN5L50E50 50 N

15.2 910-1100 23.9 1.57 1170-1340 41.1 2.70

HN5L100E20 100 300-700 17.5 920-1160 22.0 1.26 1230-1330 53.2 3.03
HN5L200E10 200 N

15.0 930-1090 24.0 1.60 1270-1310 47.2 3.15

\o
O
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as much as 70% ferrite was present at temperatures in excess

of llOO'^C. This level of ferrite retention seemed unlikely

when considering reported data for wrought materials

(90,91).

Evaluation of the CTE data above indicated the high

temperature expansion discontinuity and the associated

change in CTE may be a system dependent anomaly and not a

true material property. Assuming this was the case, a

series of experiments was designed to determine the source

of the high temperature expansion anomaly. Both the Gleeble

1500 system and the weld metal itself were evaluated as

possible sources of the anomaly. Each of the experiments

leading to verification of the and the are outlined

and summarized below.

The radial dilatometry measuring system was evaluated

as a source of an expansion anomaly at high temperature by

testing isomorphic metals. The isomorphic, bcc, refractory

metals W and No were chosen for the experiment as their low,

near linear CTE's are well documented. The low CTE of these

metals also would yield a lower signal to noise ratio from

the dilatometry system allowing system measurement problems

to be more easily detected. The isomorphic metals were

heated at 10 and 50®C/s to 1400°C for dilatometric testing.

Although small non-linearities associated with the
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Pt-Ptl3%Rh thermocouple compensator were measured at low

temperatures, the isomorphic metals exhibited the expected

near linear expansion with temperature. No evidence of a

high temperature expansion anomaly was found for either Mo

or W. The data indicated the dilatometric measuring system

itself was not causing the measured expansion anomalies.

To test for system interactions with polymorphic

materials that might account for the high temperature

expansion behavior previously discussed from Figure 4.4,

dilatometric measurements were conducted on two wrought

polymorphic materials. Samples were prepared from cold

rolled AISI 1018 steel rod and the Q&T C-Mn-Mo-Nb plate to

compare the behavior of a wrought material similar in

composition to the C-Mn-Mo+Ti,B on C-Mn-Mo-Nb weld metals.

A comparison of the plate and weld metal composition

indicates that for elements other than Ti & B, the

compositions are virtually identical. The aD/Dq vs

temperature curves measured for the wrought materials at

heating rates ranging from 3 to 200°C/s were similar to

those measured for weld metal up to the A^^• Above the A^^'

there was a gradual increase in slope (uncorrected CTE) up

to the peak temperature for the wrought materials. The high

temperature expansion anomaly present in weld the metal aD

vs temperature traces was not observed. Measured A^^ and
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temperatures as a function of linear heating rate are

summarized in Figure 4.7a. These data compare well with

published results (90,91) for other wrought steel

compositions presented in Figure 4.7b. However, the average

CTE above the was considerably higher than expected.

These results indicated the high temperature expansion

anomaly was associated with weld metal, not with wrought

materials of similar composition. This implicated weld

metal microstructures and/or microsegregation as a

contributing factor in the measured high temperature

expansion anomaly for weld metals.

To evaluate the effects of microsegregation, a Gleeble

dilatometry sample from the 5MJ/m, C-Mn-Mo+Ti,B on Q&T C-Mn-

Mo-Nb weld metal was initially heated at 50®C/s to 1350®C,

held for 600s then exponentially cooled with a of 50s.

The intent of this diffusion anneal thermal cycle was to

yield microstructure closely approximating that observed in

the as-deposited weld metal in the absence of

microsegregation. The homogenization time of 600s was

estimated for a peak temperature of 1350°C from standard

homogenization equations (96) and published diffusion data

(97). The time estimate was made by doubling the calculated

time for a four fold reduction in a sinusoidal concentration

gradient of W (a slow diffuser in austenite) with a dendrite
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arm spacing of 25 microns. Following the diffusion anneal

cycle abover the dilatometry sample was reheated at 50^C/s

to 1350^C. The resultant vs temperature trace indicated

the high temperature expansion anomaly had not been

eliminated by the diffusion anneal. The sample was

subsequently held another 600s at 1350^C and allowed to free

cool (Atg_5 approximately 6s). The resulting ferritic

microstructure for this cooling rate is very fine acicular

ferrite (with martensite?). The sample was again reheated

at 50®C/s to 1350®C and the expansion anomaly was still

observed. These observations indicated the high temperature

expansion anomaly was not associated with either

microsegregation in the weld metal or the cooling rates

producing the as welded microstructures.

In order to determine any microstructural explanation

for the high temperature expansion anomaly and to verify the

critical temperatures measured by radial dilatometry, the

following Gleeble quench study was executed. The 5MJ/m, C-

Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb weld metal was chosen for

testing to compliment the diffusion anneal data above and

the radial dilatometry data previously presented for a

similar wrought composition. Samples were heated at 50°C/s

to temperatures between the and 1350°C then immediately

water quenched to room temperature in <0.4s. Quench test
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sample configuration and Gleeble operating parameters may be

found in Appendix I. The volume percent austenite present

at temperature during the reaustenitization reaction was

assessed by measuring the volume fraction of martensite

present in the as-quenched samples. The assumption was made

that virtually all the austenite formed during reheating

would transform to martensite on quenching. Metallographic

sections of ferrite-martensite structures were prepared

using etching techniques outlined for C-Mn dual phase steels

(98-100) which clearly delineate martensite and ferrite.

Martensite volume fractions were estimated from 200 point

counts on 500x micrographs.

As-quenched hardness and microstructure data from the

quench study are reported as a function of peak reheat

temperature in Figure 4.8. Hardness values for reheat zone

simulations are included for comparison. Martensite volume

fraction and as-quenched hardness reported in Figure 4.8

verified the A^^^ and A^^ measured by radial dilatometry and

reported in Figure 4.5. Metallographic examination of the

martensitic structures produced by quenching samples from

temperatures straddling the indicated both the high

temperature expansion anomaly and the drop in as-quenched

hardness for peak reheat temperatures above 1200°C reported

in Figure 4.8 are associated with a change from an acicular
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to an eguiaxed austenite morphology. The importance of

identifying the change in austenite morphology cannot be

over emphasized here as Sections 4.4 and 4.5/ below, will

indicate it plays a key role in the development of reheat

zone microstructures in alloyed acicular ferrite weld

metals.

The series of experiments above identified the high

temperature expansion anomaly with a change in austenite

morphology initially formed from acicular, ferritic

microconstituents. This also required that the anomaly be

linked to the Gleeble 1500 test system and not the material

tested for the following reasons. In a system independent

environment, austenite morphology should not result in a

change in volume as it is not a first order transformation.

Non-uniform dimensional changes due to alterations in

crystallographic texture associated with the morphology

change again, is not possible, as the CTE for fee materials

is isotropic. However, other physical properties of the

weld metal may be expected to change, at least one of which

is clearly responsible for the system dependent expansion

anomaly. Perhaps the property most important to operation

of the gleeble test system is the expected drop in the

sample resistivity. The drop in resistivity is expected due

to a drop in grain boundary area and the elimination of
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substructure formed on the initial transformation from

acicular ferrite to acicular austenite during heating.

Assuming there is a drop in resistivity associated with the

transition from acicular to eguiaxed austeniter the

following scenario was developed to explain the observed

high temperature expansion anomaly.

To understand how a change in sample resistivity may

influence radial dilatometry measurements in this work,

first consider how the test system operates. In the Gleeble

1500 test system, radial dilatometry samples expand

longitudinally against the double 0-ring sleeve seals in the

test system. Loads as high as 250kg are necessary to

initiate longitudinal displacement followed by 60kg load to

maintain displacement. A load of 200kg results in a stress

of 60MPa in the 6.35mm diameter samples measured. This

stress level is sufficient to initiate plastic flow at

temperatures above lOOO^C (101) . Next consider that the
9

Gleeble is a constant voltage device which employs I R

heating. The change in austenite morphology is expected to

result in a drop in resistance, R, an accompanying increase

in current would rapidly heat adjoining volumes and flatten

the thermal profile of the sample. A rapid increase in the

effective hot zone length would result in the observed jump

in diameter at the due to elastic-plastic barrelling in
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the constrained system. Following the reccystallization

eventr the longer effective hot span should exhibit an

increased rate of elastic-plastic barrelling with

temperature when compared to that observed before

recrystallization. On the dilatometry trace, this would

account for the increase in apparent CTE above the

Since steeper thermal gradients are maintained at lower

heating rates, elastic-plastic loading also would explain

the observed reduction in apparent CTE above the with

decreasing heating rate reported in Table 4.5. Since the

high temperature expansion anomaly occurred at temperatures

in the optical range (>700®C), visual observations of the

temperature profile during heating were able to corroborate

this scenario. It was reasoned that if loading was

prevented the expansion anomaly would be eliminated.

The effect of loading on dilatometry curves proposed

above was verified by dilatometric measurements on a 5MJ/m,

C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb radial dilatometry sample.

To prevent loading during heating, the sample was run

without tightening the Gleeble grip assemblies. A resulting

radial dilatometry trace for a heating rate of 50°C/s is

shown in Figure 4.9a. Note that allowing the sample to

slide in the grip assemblies (thus preventing loading)

eliminated the high temperature expansion anomaly. This
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b) Uncorrected Z^D/D vs. temperature for a Class 3 (polygonal) and solutionized
(bainitic) A710 steel on heating to 1200 C at 10 C/s. Note that the austenite
expansion anomaly is associated with high aspect ratio ferrite and firmly
clamped samples in the Gleeble 1500.
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procedure also yielded lower uncorrected CTE's for ferrite

and austenite. Tightening the grip assemblies and repeating

the thermal cycle resulted in a return of the high

temperature expansion anomaly with accompanying increases in

the uncorrected CTE's as also indicated in Figure 4.9a.

Subsequent loosening and tightening of the grip assemblies

indicated these observations were reproducible.

Superimposing the aD/D^ vs temperature curves in Figure 4.9a

for the constrained and unconstrained condition, indicates

the amount of plastic barrelling in the constrained sample

is on the order of 0.5%. This level of plastic deformation

is readily measurable with the LVDT used in the dilatometry

system, however, it represents a change of only 0.03mm

(O.OOlinch) in the diameter of the 6.35 (0.25inch) diameter

dilatometry samples. To summarize, the high temperature

expansion anomaly, previously identified with a change in

austenite morphology, was shown to be associated with sample

constraint and the resultant elastic-plastic barrelling.

This phenomenon is associated with the current test methods

used to conduct radial dilatometry measurements on the

Gleeble 1500 test system.

Although not tightening the Gleeble 1500 gripassemblies

eliminates the high temperature expansion anomaly, allows

more accurate CTE's to be measured and prevents plastic
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deformation of samples with a small cross sectional area, it

is not a feasible solution to the problem. The procedure

results in grip erosion by arcing and sliding as well as

more noise on the radial dilatometry curve due to vibrations

associated with arcing and slipping in the grips.

Additional fixturing must be designed at a future date that

will eliminate sample loading during testing.

The experimental work above identified the cause of

the high temperature expansion anomaly as a system dependent

measure of a change in austenite morphology. Accordingly,

the austenite morphology transition data the expansion

anomaly yielded was recorded. However, a final experiment

was conducted to verify that the expansion anomaly was

associated with the formation of acicular austenite. Radial

dilatometry was conducted on polygonal ferrite and bainitic

structures in A710 plate as these starting microstructures

were expected to yield equiaxed and acicular austenite

respectively on heating. The radial dilatometry results for

the polygonal ferrite structure associated with the class

three heat treatment (3) is presented in Figure 4.9b. As

was previously noted for AISI 1018 steel and Q&T C-Mn-Mo-Nb

plate, no high temperature expansion anomaly was observed

for the polygonal (Class 3) starting structure. The sample

was then held at 1200^0 for 120s and cooled to room
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temperature at lO^C/s. The bainitic structure obtained was

similar to that observed in the coarse grain region o£ HAZ's

in this material. When the material was subsequently

reheated, the high temperature anomaly was observed as

indicated in Figure 4.9b. Although the formation of

acicular austenite and its subsequent transition to equiaxed

austenite was not verified by quench studies, acicular

austenite is expected to form in bainitic HSLA steels

(90,91,93,102) prior to formation of equiaxed austenite at

higher temperatures.

4.2.3 Summary of Radial Dilatometry on Heating

Measured weld metal ^cl and temperatures of

approximately 730 and 895°C respectively show very little

change with linear heating rate over the range 0.1 to

200®C/s. The Gleeble 1500 radial dilatometry test

configuration used in this study allowed the change in

austenite morphology from an acicular to an equiaxed

morphology to be monitored by radial dilatometry. The

measured "recrystallization" temperature was a function of

linear heating rate and changed from approximately 980 to

1200®C in the heating rate range of 0.1 to 200®C/s. The

reaustenitization reaction and the morphology change at

elevated temperatures is considered below.
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4.3 The Reaustenltization Reaction

The quench experiments designed to determine the source

of the expansion anomaly associated with the austenite

recrystallization reaction allowed the reaustenltization

reaction to be observed in some detail. A series of

photomicrographs of the as-quenched microstructures as a

function of peak temperature is presented in Figure 4.10.

The micrographs in Figure 4.10 are broken into two groups,

those quenched from peak temperatures representative of the

partially transformed region of the (730 to 900°C) and

those quenched from temperatures above the The mixed

martensite-ferrite microstructures in the partially

transformed group have been prepared with a 10% Na2S202

solution which darkens the martensite constituent (ferrite

remains white) and etches the ferrite grain boundaries. The

fully martensitic structures in the reaustenitized group

have been prepared with a 4% picral + 2% nitric acid

solution to highlight the laths within lath packets.

Nucleation and growth of austenite in the ferritic, as

welded, microstructure are discussed with the aid of the

quenched microstructures in Figure 4.10 representative of

partially transformed peak temperatures. Austenite

coarsening and the austenite "recrystallization" reaction

will be considered separately.
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FIGURE 4.10 - A series of micrographs of the as-quenched structure as a function
of peak reheat temperature for the 5MJ/m, C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb weld
metal. The samples quenched from the partially transformed region were etched
with 10% Na2S20c/ (darkens martensite, ferrite remains white) . Reaustenitized
samples were etcFled with 4% picral + 2% nitric acid.
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Above the ̂ cl' nucleation of globular austenite

occurred at former austenite grain boundaries and acicular

austenite nucleated in former austenite grain interiors.

The globular austenite at former austenite grain boundaries

appeared to nucleate on the side opposite ferrite

allotriomorphs and proceeded to grow into the ferrite

allotriomorph. At higher magnifications, the acicular

austenite appeared to have nucleated from secondary

microconstituents between the ferrite laths. This is

indicated in the high magnification light micrograph

presented in Figure 4.11. The white arrows in Figure 4.11

indicate quenched martensite and untransformed ferrite

carbide aggregate was present between the ferrite laths in

the microstructure quenched from approximately 740^C.

Nucleation at secondary microconstituents also suggests that

the nucleation step may be bypassed at some sites where

retained austenite, that has not decomposed during heating,

simply begins to grow at temperatures above the Also

from Figures 4.10 and 4.11, note the large number of

austenite nucleation sites indicated by the numerous

martensite islands within the columnar prior austenite

grains. The high density of sites, approximately 10®/n>m^,

accounts for the insensitivity of the A^^ to heating rate

described in Section 4.2. Elevation of the A^^ with
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C-Mn-Mo + Ti,B on QST C-Mn-Mo-Nb
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Quenched from ~ 740®C

FIGURE 4.11 - A high magnification light micrograph of the
C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb weld metal heated at 50°C/s
and quenched from approximately 750°C indicating the
nucleation of austenite in interlath regions of the acicular
ferrite weld metal. Austenite nuclei are indicated by the
presence of martensite, M, and retained austenite, A. Note
also that interlath ferrite carbide aggregate, FC, has not
completely disolved at this peak reheat temperature. (Oil
immersion, 10% Na2S205)
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increasing heating rate is due to insufficient growth tiroes

below the ^e3 at higher heating rates (growth limited

process) (90,103). With the high density of nucleation

sites noted above, growth tiroes are expected to be quite

short, as growth distances of less than two microns are

required to complete the transformation.

At increasing temperatures between the and A^^'

800 & 840^C in Figure 10, both acicular austenite growth and

additional acicular austenite nuclei were evident in the

prior austenite grain interiors. The prior austenite grain

boundaries became completely decorated with globular and

acicular austenite before 50% of the microstructure had

transformed to austenite. At peak temperatures near the

Ac3, 890^C in Figure 4.10, only isolated pools of ferrite
remain in in a matrix comprised primarily of acicular

austenite. Note that the formation of globular and acicular

austenite described above is analogous to the competitive

formation of grain boundary ferrite allotriomorphs and

acicular ferrite described for weld metals on cooling

(10,11,104).

Above 900^C the reaustenitized weld metal was

primarily acicular austenite until the onset of the

transition from acicular to equiaxed austenite. At

temperatures below the 975, 1105 and 1150®C in Figure
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4.10f the martensite lath orientations were constant within

each as-deposited prior austenite grain. The martensite

lath orientation is indicative of the crystallographic

orientation of the parent acicular austenite due to the

Kurdjumov-Sachs (K-S) orientation relationship between these

phases. The uniform martensite lath orientation within the

prior austenite grain boundaries of the as-deposited

structure indicate that the many acicular austenite nuclei

noted in Figure 4.11 have the same crystallographic

orientation, presumably the orientation of the as-deposited

prior austenite grain. The martensite lath orientation is

best indicated in Figure 4.12 where an interpretive

illustration accompanies the photomicrograph of the

martensitic structure formed by quenching from 975®C. The

interpretive illustration was prepared from an overlay of

the photomicrograph and indicates the salient features of

the microstructure. The prior austenite grain boundaries

from the as-deposited structure, and the boundaries of

globular austenite are indicated. Cross hatching within the

prior austenite grains indicates martensite lath

orientations. In Figure 4.12, three as-deposited prior

austenite grains are present in the field of view as

indicated by the uniform martensite lath orientations within

each prior grain. The presence of globular austenite in
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FIGURE 4.12 - A light micrograph and accompanying illustration of the
martensitic structure produced by reheating the C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb
weld metal at 50°C/s and quenching from 975°C. Note that the martensite
variants are constant within the as-deposited prior austenite grains.
(4% picral + 2% nitric)
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weld metal at 50®C/s and quenching from 1150°C. Note the martensite variants in
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Figure 4.12 is indicated at the as-deposited prior austenite

grain boundaries by deviation of the uniform martensite lath

orientation.

The martensite lath and packet size, and presumably

the parent acicular austenite, coarsened with increasing

temperature up to the At 1150°C, near the measured

high temperature expansion anomaly, distinct equiaxed

austenite grains are becoming evident. This is shown in

Figure 4.13 where a photomicrograph of the martensitic

structure formed by quenching from 1150®C is accompanied by

an interpretive illustration. The interpretive illustration

was prepared in the same manner as in Figure 4.12 and

indicates martensite lath orientations, prior austenite

grain boundaries in the as welded structure and boundaries

of globular austenite islands. Note in Figure 4.13 that the

equiaxed (globular) austenite grains in the center of the

as-deposited prior austenite grain have distinctly different

martensite lath orientations when compared to the

surrounding matrix. At 1240°C, the austenite grain

structure was completely equiaxed, as indicated by the

corresponding photomicrograph in Figure 4.10. The equiaxed

austenite coarsened with increasing temperature above the

KpT*

The ferrite lath to acicular austenite transformation
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has been referred to by other investigators as a reverse

inartensitic transformation (93,102). Characterization of

the reaction as martensitic is based on the measured

Kurdjumov-Sachs (K-S) orientation relationship between the

parent austenite grain and the acicular, ferritic

transformation product on cooling and, on heating, the R-S

relationship between the ferritic microconstituent and the

acicular austenite. It is not appropriate to think of the

acicular ferrite to acicular austenite reaction as a

diffusionless (martensitic) transformation, in part, due to

the elevated temperatures at which the reaction occurs

(0.6Tm). Also, the as-quenched microstructures from

temperatures between the ^cl and presented in Figure

4.10 clearly indicate the acicular austenite is a nucleation

and growth product. The K-S orientation relationship

appears to be maintained in the same manner as nucleation

and growth transformation products from austenite such as

bainite and Widmanstatten ferrite.

The transition from acicular to equiaxed austenite

observed at the ^RT' in this investigation is similar to the

observations of other investigators. The transition has

been described as a coalescence of acicular austenite laths

with subsequent normal grain growth (93) . It is difficult

to classify the transition in austenite morphology as a true
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recrystallization or growth reaction as the driving force is

most likely a combination of transformation dislocations and

grain boundary energy. In either case, the transition was

monitored indirectly as a function of linear heating rate by

the Gleeble 1500 radial dilatometry system allowing the

following kinetic analysis.

4.4 Awstenite Regrystallizatibn Kinetics

Recrystallization reaction kinetics can often be

characterized as a simple activated process (96) . An

assessment of the apparent activation energy for

recrystallization traditionally requires isothermal

recrystallization times to be measured over a range of

temperatures. The change in austenite morphology in this

investigation appeared to be similar to a recrystallization

reaction, however the "recrystallization" data obtained was

not the traditional isothermal recrystallization time vs

temperature data required for determining activation

energies. This section describes how the necessary

isothermal recrystallization times were estimated from the

austenite recrystallization temperature, vs linear

heating rate data presented in Section 4.2. The methods

used for determining the isothermal recrystallization times

from the ^rt'® measured during linear heating are similar to

those described in the literature (84,105,106) for
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calculation of Continuous Cooling Transformation (CCT)

curves from measured isothermal Time Temperature

Transformation (TTT) data. Consequently, a review of the

rule of additivity and its application to calculation of CCT

diagrams from existing TTT data will be presented prior to

discussion of the austenite recrystallization kinetics. The

analytical approach used to estimate CCT diagrams described

by Cahn (105) follows.

At constant temperature, the time required for the

reaction to reach a specific fraction completed, X^, is

designated as the critical time, t . Isothermal tests are

used to construct TTT diagrams where a curve describing the

locus of critical time - temperature data for a specific

may be expressed as t =C(T). In continuous cooling where

temperature is a function of time, T=G(t), or conversely,

time is a function of temperature, t=G~^(T), the

instantaneous fraction of the reaction completed at

temperature during cooling is then dt/t or dt/C(T). The

reaction is complete, or X = X^, when the total fraction

completed is equal to one. Summing fractional critical

times by integration to a total fraction of critical time =

1, below, yields:
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t

* - ==0 " / C(^ = 1 t4.11
t=0

or.

/  -1 14.21
T-t

o

Where is the temperature where X = for the time

temperature curve described by T = G(t). This operation is

repeated for a number of time - temperature curves to

predict an entire CCT diagram.

The necessary assumption for using the rule of

additivity to estimate CCT diagrams from TTT curves

application is that a single mechanism, ie. growth following

site saturation in a nucleation and growth transformation,

is controlling over the temperature range of interest (105) .

A special case where joint mechanisms are allowed, ie

nucleation and growth in the isokinetic regime, requires the

rate of each competing process maintain a constant

proportionality at temperature and over a range of

temperatures.

Numerical methods may be used to approximate the

integral in Equation 4.1 when applying the rule of

additivity to estimate CCT curves from TTT data. The

principle quantities used in the numerical method are

summarized in the schematic TTT and CCT diagrams presented
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in Figure 4.14. The known quantities are the locus of

critical times on the TTT diagram shown in Figure 4.14ar and

the continuous time temperature curves, one of which is

indicated on the CCT diagram in Figure 4.14b. The

computations below allows the locus of critical temperatures

shown in the schematic CCT diagram in Figure 4.14b to be

predicted.

In order to establish incremental critical times to

substitute for t^=C(G(t)) in the integrand in Equation 4.1,

a suitable temperature increment, aT, is first selected for

the numerical integration. Temperatures, T^'s, are selected

at increments of aT on the TTT curve. The critical time on

the TTT curve at each temperature, T^, is then ^Cj^ from the
locus of critical times as indicated on the schematic TTT

curve in Figure 4.14a. The T^'s and corresponding ^^c^^'s
from the TTT diagram, are then used to estimate the critical

temperatures for known cooling curves. From the cooling

curves, At's corresponding to the incremental critical times

from the TTT curve are calculated to substitute for dt in

the integrand of Equation 4.1. For a known time -

temperature curve, T = fj(t), the time increments associated

with the aT centered about each of the T^^'s above are the

t^j's shown on the schematic CCT in Figure 4.14b. The

critical temperature, ̂ Cj, on the CCT curve is reached
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FIGURE 4.14 - Schematic a) TTT and b) CCT diagrams
indicating the parameters necessary to numerically predict
CCT curves from TTT data.
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when the total of the fractional critical times,

equals unity by numerical integration (summation):

n

T = when J = 1 [4.3]
^  i=l ^

A complete CCT curve may be constructed in this manner using

known time - temperature curves (106) .

Construction of TTT curves from CCT curves has been

considered in the literature (107) using analytical

techniques. Only the numerical method developed below will

be considered here. The numerical method used is similar to

that used above to calculate CCT curves from TTT curves.

However, the known quantities are now the time temperature

curves and the critical temperatures. The quantities to be

estimated are the critical times. The locus of critical

temperatures and three known time temperature curves are

indicated in the schematic CCT curve presented in Figure

4.15a. First critical temperatures at increments, AT, are

estimated from the locus of critical temperatures in the CCT

diagram. The time increments, in the temperature

increment, AT, centered about the critical temperatures,

TCj^'s, are then determined for each time - temperature

curve, T=fj(t). The time increments for each of the three

time temperature curves on the schematic CCT curve presented

in Figure 4.15a are indicated. From equation 4.3 above, it



T-3175 121

UJ
cc
3
h-
<
(T
UJ
OL

2
UJ

T^-

CCT

Continuous Cooling

UJ
(T
3
H-
<
or
UJ
Q.

2
UJ

Continuous Heating CHT

T=4(t) Tr4(t) T=/i(t)

5'-

TIME, log t

FIGURE 4,15 - Schematic a) CCT and b) CHT diagrams
indicating the parameters necessary to numerically predict
TTT curves from CCT or CHT data.
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is indicated that the sum of the known time increments

divided by their respective unknown critical times is unity

at the critical temperature. The summation in Equation 4.3

is expanded for each time temperature curve to produce the

system of linear equations below.

At

°1 =2

^^3/ ^ , At33^^
Ci C2 C3

= 1

= 1

= 1

[4.4]

Atl„/ + ^
^1 ^2 ^3

+ ̂ ^nn
/2t = 1

^n

Where Atj^j is the time increment for continuous cooling

curve j, in the temperature increment at The linear

equations are solved simultaneously for the critical times,

^Cj^'s. For reference, i is set equal to 1 at the highest
temperature increment on the CCT curve. Note that the first

three equations 4.4 represent the three time temperature

curves indicated in the schematic CCT diagram in Figure

4.15a. The individual At 's are also indicated for their

respective time temperature curves in Figure 4.15a.

In a manner similar to the methods used with Figure

4.15a, the numerical method may also be used to construct
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TTT curves from Continuous Heating Transformation (CHT)

data. This method is summarized on the schematic CHT curve,

presented in Figure 4.15b. TO predict TTT curves from

measured CHT data, the numerical form is identical, however

i=l at the lowest, rather than highest, temperature

increment.

The numerical method for estmating TTT curves from CCT

or CHT data requires that a single functional form, such as

linear or Newtonian cooling, must approximate the family of

time - temperature curves used to establish the critical

temperatures on the CCT curve. Without this limitation, the

critical temperatures can not be appropriately interpolated

from the CCT or CHT curve. In addition, the previously

mentioned assumptions relating to application of the rule of

additivity also apply to the estimations.

The linear equations 4.4 above may be greatly

simplified if linear heating or cooling rate, with the

functional form,

T = ht + T^ [4.5]

is used. In Equation 4.5, h is the linear heating or

cooling rate (h is negative for cooling), and T^ is the

temperature at t - 0. In terms of the heating rate, h^, and

the chosen temperature increment, aT :

tij Ij = AT/lhjl [4.6]
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Note that the tj^j's in a row (j const.), are equal. Now if

we let f and replace Atjij with AT/hj, the system

of linear equations 4.4 above becomes:

yi/2 - Ih^l/AT

Yl + y2/2 = Ih2l/AT

Yl + y2 + y3/2 ' IhjI/AT (4.7]

Yl + y2 + Ys + • • • + Y„/2 = lh„l/AT

Which reduces to:
3

i=l

Yj = (2/AT) ^ |hj|(-2)^'^ [4.8]

In this study, the simplified form in Equation 4.8 was

used to estimate the recrystallization times at a constant

temperature from the recrystallization temperatures during

heating. Linear heating rates, h, at a given critical

temperature, T^, temperature were estimated from least

squares fits of heating rate vs data, where in

the recrystallization temperature vs heating rate traces

presented in Figures 4.5 and 4.6. The two regression forms

below were used to fit the heating rate - critical

temperature data:

ln[h] = A + BT^ [4.9]

ln[h]= A + B/T^ [4.10]

Equation 4.10 was chosen because, when rearranged as
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h = it is similar in form to rate equations.

Temperature increments of 25°C were used in the

temperature range 950 to 1250®C to estimate the critical

times in the range 1000 to 1200^C. The heating rate at the

lowest temperature, h^^, was set at 0.5*h2^ which allowed the

iterative calculations to converge more quickly (handle end

effects). The predicted critical times were then used

directly to determine apparent ,activation energies for

recrystallization by least squares fitting the form:

1/t^ = [4.11]

Note that choice of a linear heating rate allowed the

apparent activation energy for the austenite morphology

change to be estimated directly from heating rate vs

critical temperature data without CHT, TTT, or Arhenius

curve constructions.

The regression coefficients and estimated activation

energies for each of the four weld metals tested are

summarized in Table 4.6. Least squares regression analysis

of the linear heating rate - critical temperature data

resulted in fits with explained variances (r ) of

approximately 0.9 for all weld metals tested. The fits for

the calculated critical time - temperature in the

temperature range of 1000 to 1200°C resulted in r^'s of

greater than 0.998 for either regression form used to
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TABLE 4.6 - Summary of the analysis for estimating the activation energy for the
transition from acicular to eguiaxed austenite.

Weld Metal Form

Least Squares
Fit of Measured T^«o

^  o 1 ® ^
°C-1 or Oc

Least Squares

Fit of Calculated t^
A  B '

OC

Apparent

Activation Energy

Kcal/mol

5MJ/m, C-Mn-Mo+Ti,B 1 -47.69 0.03659 0.8670 -49.60 68,760 137
on Q&T C-Mn-Mo-Nb 2 53.51 -69,860 0.8941 -49.79 69,030 137

5MJ/m, Mn-Ni-Mo 1 -42.95 0.03339 0.8669 -45.50 62,710 125
on A710 2 48.75 -62,804 0.8955 -44.97 61,950 123

3MJ/m, Mn-Ni-Mo 1 -43.98 0.03320 0.8678 -43.85 62,280 124
on A710 + Ti, B 2 47.31 -62,680 0.8801 -43.53 61,840 123

5MJ/m, Mn-Ni-Mo 1 -39.03 0.02940 0.9068 -38.38 55,140 110
on A710 + Ti, B 2 42.60 -54,485 0.9057 -38.75 55,590 110

1) ln[h) = A + BT

Where h

c  s 2) ln(hl = A + B/T^
Linear Heating Rate

for ln(t 1 = A + B/T > 0.998 for form 1)
> 0.999 for form 2)

fio
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calculate the critical tiroes. Sensitivity of the analysis

technique to the teroperature incceroent chosen was checked

with calculations based on a 50°C teroperature increroent.

The change in the calculated value of the apparent

activation energy was less than 1.5%.

The apparent activation energy associated with change

in austenite roorphology was approxiroately 120kcal/rool for

all the weld roetals investigated, suggesting the

roechanisro(s) responsible is(was) independent of coroposition

in this study. Although the activation energy of

120kcal/rool is high for substitutional diffusion, it is

quite reasonable for coupled diffusion controlled processes

and is within the range reported for HAZ grain growth in

HSLA steels (92).

Although use of the siroplified nuroerical form in

Equation 4.8 did not require the construction of CHT or TTT

curves for this analysis, a representative, roeasured CHT

curve and predicted TTT curve from the 5MJ/ro, C-Mn-Mo+Ti,B

on Q&T C-Mn-Mo-Nb weld describing the transition from

acicular austenite to equiaxed austenite are presented for

comparison in Figure 4.16a and 4.16b respectively. Note

that the points in the TTT curve are calculated from a least

squares fit of the vs heating rate data and do not

represent test samples. A comparison of the CHT and TTT



T-3175 128

1300 -

1200

_ Heating Rate, ®C/s 200 100 50 30 20 10

CHT

o
o

lJ
(T

3

<
cr
LU 1 100
Q.

LU

1000 -

900 ri I I I

I  I I I I 1 1 1 I I I I
I  0.3 0.1

5MJ/m

C-Mn-Mo*Ti,B on

oar C-Mn-Mo-Nb

r'-Xe

1300

. 1200
UJ

(T
3
h-

<
(T

LJ I 100
Q.

2
UJ

1000

900^1

q 5 o '01
^01
^01

TIME
FROM
900®C, 
s

1
 
1
 

I
 

1 1
 

1
 
1
 

1
 

1
 
1
 

1
 

1
 
1
 
1
 

1
 

1
 
1

 -Calculated 
TTT, 
Upquench

'
1

■ I 
■ 1
 

I
 
1
 
1
 
1
 
1
 

1
 
'
 
'
 

I

-

5MJ/m

C-Mn-Mo 
+
 

 B,iTon
Oai 
C-Mn-Mo-Nb

-

0 o •

Log* Inverse 
Fit

Log-Linear 
Fit, 
 TA= 
25®C ̂ Log-Linear 

Rt, 
 TA= 
50*0 
"

-

-/
>
t

r
c

 ._.1—1—11 
1 1 1

 iL1

10" 10^ 10' 10^ 10'

time, s

FIGURE 4.16 - a) The measured CHT curve and b) the predicted
TTT curve on upquenching for the SMJ/m^ C-Mn-Mo-Nb on Q&T C-
Mn-Mo-Nb weld metal. The curves are representative of those
for the four weld metals tested.



T-3175 129

curves in Figures 4.16 indicates a similarity with the more

familiar CCT and TTT curves. Note that the time to

transformation is delayed during continuous heating. This

delay, however, results in the CHT curve being displaced to

the higher temperatures with respect to the TTT curve rather

than lower temperatures associated with the more familiar

CCT and companion TTT curves. The predicted critical times

used to construct the TTT curve in Figure 4.16b may also be

presented in a In(t^) vs 1/T, plot traditionally used to

determine apparent activation energies. A representative

Arhenius plot for the 5MJ/m, C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb

and the regression fit of Equation 4.11 are presented in

Figure 4.17. The slope of the curve represents the apparent

activation energy, Q, divided by R.

The kinetic analysis above indicates the transition of

acicular austenite to coarse equiaxed austenite may be

represented as an isokinetic reaction with an apparent

activation energy of approximately 120kcal. The transition

in austenite morphology was shown to be delayed to

temperatures in excess of 1150®C at heating rates commonly

associated with weld reheat zones. The change in austenite

morphology leads directly to a transition in the

microstructures observed in the RHZ. simulations as
w

discussed below.



T-3175 130

(A

UJ

<
CJ

q:

CJ

500

200

100

50

20

10

2

I

0.5

0.2

0.1

0.05

- 1 1—1—1 1 1—1—1—-I—1—1—1—1—1—1—1—r=

5MJ/m
-

C-Mn-Mo + Ti,B on -

OaT C-Mn-Mo-Nb

r  y'-Xe j  ~

"  1 /tc = y \

\ Q/R / :

—

0 = 137 kcal/mol -

/

Points were initially

r  / calculated from a least —
2  / squares fit of tlie row data. -
=_j—1—1—i__CL_i—L 1 J  1 1 1 1 \ 1 1 lj:

6.4 6.8 7.2 7.6 8.0

TEMPERATURE"', ®C"'x

1300 1200 100 1000«C

FIGURE 4.17 - ln(predicted critical time) vs 1/T for the
5MJ/m, C-Mn-Mo-Nb on Q&T C-Mn-Mo-Nb weld metal. The slope
represents the predicted activation energy for the
transition from acicular to equiaxed austenite.



T-3175 131

4.5 Reheat zone SiiPulation

Reheat zone simulations were carried out on duplicate/

single pasS/ bead on plate welds. The simulated

microstructures were produced on SxlOmm Bars that were

subsequently machined into subsized Charpy bars and

fractured at -96°C as described in Chapter 3. Peak reheat

temperatures were selected on the basis of the measured

critical temperatures discussed in the previous section.

One temperature above the was chosen to yield a coarse

grain reheat region, two temperatures between the and

the Kpij, to investigate the microstructures adjacent to the

coarse grain region, two temperatures between the and

A^^ to represent the traditional partially transformed

region in C-Mn steel weld metal, and one below the A^^^ to

represent the tempered region. The actual peak temperatures

selected were 1350, 1100, 970, 850, 770, and 670°C for each

weld metal. Note that the microstructures produced by these

peak temperatures are representative of position dependent

microstructures in the RHZ,,. Also note that the linear
w

heating rate increased with peak reheat temperature and

there was a 10s hold at the selected peak temperature before

the samples were an exponentially cooled.

The results of the RHZ^ simulations are presented below

in three parts. First the microstructures obtained are
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presented and compared with those observed in the actual

RHZ^ in the screening welds discussed in Section 4.1. The

text then digresses to consider supportive data from the

literature and Sections 4.1-4.5.1 to develop a model to

predict microstructures from a variety of as-deposited

structures. The low temperature charpy impact energy data

are then discussed in light of the respective reheat region

microstructures. Finally/ charpy transition energy and

upper shelf energy data are presented in support of

conclusions drawn from the low temperature charpy tests.

4.5.1 RHZ^ Simulation Microstructures

Reheat zone simulation on the Gleeble 1500 yielded

microstructures and hardness values similar to those

observed in the actual reheat zones described in Section 4.1

for the 5MJ/m welds. The simulated RHZ^ microstructures in

the 3MJ/m/ Mn-Ni-Mo wire on A710+Ti/B weld, however/ were

not similar to any observed in the screening welds or the

simulations on the 5MJ/m weld metals. This was due to the

ferrite with aligned second phase/ rather than acicular

ferrite/ as-deposited microstructure present in the 3MJ/m/

Ti+B doped/ duplicate welds. The reheat zone

microstructures for the 5MJ/m welds are similar to each

other and will be considered as a group. The 3MJ/m/ Mn-Ni-

Mo on A710+Ti/B weld will be considered separately.
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In the primarily acicular ferrite, 5MJ/m weld metals,

the coarse grain region microstructures produced by a peak

reheat temperature of 1350°C were acicular ferrite enclosed

by equiaxed, prior austenite grain boundaries decorated with

discontinuous grain boundary ferrite. At peak temperatures

of llOO^C, the simulation produced microstructures in the

high aspect ratio areas, described in Section 4.1 as being

nearly adjacent to the coarse grain reheat region. The

primary difference was that in the simulation, the high

aspect microstructure was continuous, rather than

discontinuous as in the actual RHZ^. An example of the high

aspect ratio the reheat zone microstructure is presented

from the 5MJ/m, Mn-Ni-Mo on A710 weld in Figure 4.18a. This

continuous high aspect microstructure has also been observed

by other investigators in SAW welds reheated for pipe

bending simulations (41). The pipe bending simulation was

conducted on welds similar in composition and initial

microstructure to the 5MJ/m, C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb

weld in this investigation (41) . In the 5MJ/m, C-Mn-Mo+Ti,B

on Q&T C-Mn-Mo-Nb weld, small (10-20 micron) equiaxed prior

austenite grains were dispersed in the transformed structure

indicating the onset of austenite recrystallization. For

peak reheat temperatures of 970, 850, and 770®C (above the

A^j^) the microstructure is a mixture of ferrite with
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FIGURE 4.18 - a) The continuous high aspect microstructure in the 5MJ/m, Mn-Ni-
Mo weld metal produced by reheating to a peak temperature of 1100°C. b) A light
micrograph of the 5MJ/m. C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb weld metal reheated to a
peak temperature of 850 C, showing the secondary microconstituents martensite,
M, ferrite carbide aggregate, FC, and austenite, A. (2% nital)
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different aspect ratios characteristic of the partially

transformed regions of C-Mn steel weld metal. The

microstructural coarseness also decreased with peak

temperature. For peak temperatures of 670^Cr minor

microstructural coarsening was observed.

As observed in the reheat zones of the screening welds^

there were islands of secondary microconstituents dispersed

among the ferrite grains including martensite, ferrite

carbide aggregate, and perhaps retained austenite. These

secondary microconstituents are identified in reheat zone

microstructure of the 5MJ/m, C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb

weld presented in Figure 4.18b. The volume percentage of

the secondary microconstituents, especially martensite,

appeared to be slightly higher in the weld reheat zone

simulations as compared to the actual As also noted

in the screening welds, ferrite carbide aggregate was absent

in the Mn-Ni-Mo on A710 weld metals for peak reheat

temperatures above the At 770°C a considerable portion

of the austenite formed transformed to martensite on

cooling. In the doped and undoped 5MJ/m, Mn-Ni-Mo wire on

A710 plate welds, small islands of ferrite carbide aggregate

were observed in the tempered region. The ferrite carbide

aggregate was not observed in the as-deposited condition and

are presumably a product of retained austenite
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decomposition.

The reheat zone microstructures observed in the 3MJ/m,

Mn-Ni-Mo wire on A710+Ti,B are characteristic of those

reported in Section 1.4 for as-deposited microstructures of

martensite and/or ferrite plus aligned second phase

(bainite) (XX). Reheat zone microstructures as a function

of peak reheat temperature are compared in the series of

photomicrographs presented in Figure 4.19. The micrographs

in Figure 4.19 parallel the presentation of position

dependent reheat zone microstructures in acicular ferrite

weld metals presented in Sections 1.3, 1.5 and 4.1. In the

coarse grain reheat zone microstructure produced by

reheating to 1350°C, the microstructure consisted entirely

of high aspect ratio (>10:1) ferrite with aligned second

phase contained in large lath packets. For peak reheat

temperatures of 850', 970 and 1150°C (above the to the

the microstructures, as shown in Figure 4.19, appeared

similar to those for acicular ferrite weld metal reheat

zones. The mixed aspect ratio ferrite produced by these

peak reheat temperatures displayed a lower aspect ratio and

secondary microconstituent content as the was

approached. Closer to the ^cl' a peak temperature of 770°C

produced a microstructure of tempered ferrite with aligned

second phase with discontinuous martensite at the prior
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austenite grain boundaries. Reheating to a peak temperature

of 670®C, below the yielded tempered ferrite with

aligned second phase and carbides at the prior austenite

grain boundaries.

The reheat zone microstructure simulations above

allowed the microstructures associated with specific peak

reheat temperatures to be identified. Using this

information and the and critical temperatures measured

by radial dilatometry, the role of the austenite morphology

in the development of reheat zone microstructures may be

considered.

4.5.2 Consideration of the Role of Austenite Moroholoav in
the Development of Reheat Zone Microstructures in

Alloved Acicular Ferrite Weld Metals

The discussion in this section attempts to rationalize

the reheat zone microstructure based on the austenite

morphology characteristic of both the peak reheat

temperature and the as-deposited structure from which the

austenite was formed. The development of this model draws

on observations of reheat zone microstructures presented in

Sections 1.3, 1.5, 2.1 and 4.5.1 as well as the as-quenched

microstructures discussed in Section 4.3, produced to verify

the critical temperatures for the 5MJ/m C-Mn-Mo+Ti,B on Q&T

C-Mn-Mo-Nb weld metal. Hicrostructural development in the

coarse grain, and partially transformed regions of the
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which appears to be independent of the as-deposited

structure, is considered first. The microstructures in the

fine grain region, which range with as-deposited

roicrostructure from fine eguiaxed ferrite to a fine mixed

aspect ratio ferrite, will then be discussed.

Microstructures observed in the coarse grain region of

the reheat zone are very similar to the microstructures in

the as-deposited, acicular ferrite weld metal. The

similarity is expected as the grain size, oxide dispersion,

composition, and cooling rate are similar to that in the as-

deposited weld metal. In acicular ferrite weld metals,

acicular ferrite is found in the equiaxed prior austenite

grains with either continuous or discontinuous grain

boundary ferrite decorating the prior austenite grain

boundaries. However, a change from an as-deposited columnar

to a reheated equiaxed prior austenite grain morphology

results in an increase per unit volume of prior austenite

grain boundary area, and the associated transformation

products. A change in the crystallographic orientation

distribution is also expected from the as-deposited to the

coarse grain reheat region microstructure. A strong <100>y,

texture is expected for the columnar austenite grains in the

as-deposited weld metal as this is the preferred growth

direction during weld metal solidification (108) . The
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texture of the acicular ferrite inicrostcucture formed from

the columnar austenite grains is expected to yield positive

deviations from randomness on <100^ K-S variants. However,

the acicular ferrite lath orientations in the RHZ., and the
w

martensite lath orientations observed in Section 4.3 suggest

the coarse eguiaxed austenite grains formed on reheating and

their subsequent ferritic transformation products possess a

more random orientation distribution.

At temperatures between the and A^^' austenite

formed during reheating is expected to decompose by

epitaxial ferrite growth as has been described for dual

phase steels (109-111). Epitaxial growth of the ferrite

into the austenite will allow the as-deposited ferrite

texture, as well as the prior austenite grain shape, to be

maintained. Some coarsening is observed with increasing

temperature in this reheat region and may be explained by a

reduction in the number of remaining ferrite pools available

to act as seeds for epitaxial growth. The accompanying

reduction in ferrite aspect ratio may also be explained by a

reduction in ferrite-ferrite impingement constraints. This

offers one explanation for the coarser ferrite observed at

prior austenite grain boundaries. In Section 4.3, the as-

quenched microstructures indicated that the prior austenite

grain boundaries are completely transformed to austenite
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before the grain interiors, thus creating continuous

austenite "necklaces". This would allow the ferrite "seeds"

adjacent to the continuous austenite necklaces to grow

unimpeded, whereas those buried in the prior austenite grain

interiors will rapidly impinge on one another. The

resulting microstructure is the observed necklaces of

coarser, lower aspect ratio ferrite delineated the as-

deposited prior austenite grain boundaries.

The microstructures produced from acicular ferrite weld

metals reheated to peak temperatures between the

that required to form coarse equiaxed austenite, range from

uniform equiaxed ferrite to nearly 100% ferrite with mixed

aspect ratios (resembling acicular ferrite). The

temperature range represents the fine grain region of the

RHZ^ in low carbon steel weld metals and the

range in the alloyed acicular ferrites considered in this

investigation. In order to explain the range of

microstructures produced, first consider the range of as-

deposited microstructures present in acicular ferrite weld

metals. The acicular ferrite weld metal will be primarily

acicular ferrite and may contain coarse continuous grain

boundary ferrite, discontinuous grain boundary ferrite or no

grain boundary ferrite. These as-deposited weld metal

microstructures are illustrated in the series of schematic
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FIGURE 4.20 - Schematic illustration indicating the proposed
scenario for the development of reheat zone microstructures
in acicuiar ferrite weld metals reheated to peak
temperatures between the snd that required to produce
the coarse grain reheat region. The as-deposited
microstructures represented are acicuiar ferrite with, a)
coarse, continuous grain boundary ferrite, b) discontinuous
grain boundary ferrite and c) no grain boundary ferrite.
The expected austenite morphology and resulting reheat zone
microstructures are also illustrated.
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drawings in Figure 4.20. The as-deposited structures are

presented with proposed peak temperature austenite

morphologies and resultant reheat region microstructures and

are designated as C-Mn Acicular Ferrite, Alloyed Acicular

Ferrite I and Alloyed Acicular Ferrite II respectively. The

alloyed acicular ferrites are modeled after the 5MJ/m C-Mn-

Mo+Ti,B on Q&T C-Mn-Mo-Nb and Mn-Ni-Mo on A710+Ti,B weld

metals considered in this investigation respectively.

Assuming that 1) nucleation of globular austenite occurs in

or on the grain boundary ferrite, and 2) acicular austenite

nucleates in grain interiors and on prior austenite grain

boundaries in the absence of grain boundary ferrite, and 3)

the acicular austenite maintains a K-S orientation

relationship, {111}<110>^ {110}<111>q^, with the ferrite

laths it consumes, then, the volume of globular austenite

and acicular austenite formed should directly reflect the

grain boundary and acicular ferrite contents of the as-

deposited weld metal. This is illustrated in Figure 4.20

where the reaustenitized microstructure of the C-Mn Acicular

Ferrite weld metal is primarily globular austenite and the

reaustenitized structure of the Alloyed Acicular Ferrite II,

which initially contained no grain boundary ferrite, is

entirely acicular austenite.

Assuming more equiaxed ferritic transformation products
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are associated with globular austenite decomposition and

acicular ferritic transformation products are associated

with K-S decomposition of acicular austenite/ the ferritic

reheat zone microstructure would reflect the austenite

morphology. Large volume fractions of globular austenite/

such as illustrated for the C-Mn Acicular Ferrite in Figure

4.20/ would yield the familiar equiaxed fine grain region of

the reheat zone. High volume fractions of acicular

austenite illustrated for the alloyed acicular ferrite weld

metals in Figure 4.20/ would lead to the acicular structures

in the region heated between the the Also/ in

weld metal containing high volume fractions of acicular

austenite/ maintenance of a K-S orientation between the

acicular ferrite and acicular austenite allows the location

of the as-deposited prior austenite grains to be

"remembered" by regions of uniform ferrite variants

(texture). The proposed retention of prior austenite grain

shape and by K-S "texture memory" through acicular

transformation products formed on heating to and cooling

from peak reheat temperatures between the A^^ and is

supported by the as-quenched martensite variants noted in

Section 4.3 and the low temperature fracture appearance

discussed below.
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4.5.3 Low Temperature Charov Test Results

The low temperature Charpy test results described below

were designed to qualitatively rank the toughness of the

reheat zone microstructures against that of the as-deposited

microstructure. The ranked, position dependent

microstructures, simulated by varying the peak reheat

temperature, were previously described in Section 4.5.1.

Charpy V-notch absorbed energy and percent shear fracture vs

peak reheat temperature for 5xl0mm subsized bars tested at

-96°C are presented for the 5MJ/m, C-Mn-Mo+Ti,B on Q&T C-Mn-

Mo-Nb and Mn-Ni-Mo on A710 welds in Figures 4.21a and 4.21b,

and for the 3 and 5MJ/m, Ti+B doped, Mn-Ni-Mo on A710 welds

in Figures 4.22a and 4.22b. Photomacrographs of the

respective fracture surfaces follow for the 5MJ/m C-Mn-

Mo+Ti,B on Q&T C-Mn-Mo-Nb and Mn-Ni-Mo on A710 welds in

Figure 4.23, and for the 3 and 5MJ/m, Ti+B doped, Mn-Ni-Mo

on A710 welds in Figure 4.24. The Charpy data are presented

in tabular form in Appendix IV with hardness values and

accompanying dilatometry data verifying the reheat region

temperature regime. To simplify the discussion, the Charpy

absorbed energy and percent shear fracture results from the

acicular ferrite microstructures in the 5MJ/m welds are

considered as a group. The 3MJ/m, Mn-Ni-Mo on A710+Ti,B

weld metal is discussed separately. These discussions are



-th
5x lOmm Subsize Charpy Impact Tests, -94*'C 5xlOmm Subsize Charpy Impact Tests, ~94'*C

_a)
3

O
-3

Q 25
liJ
CD

O 20
cn

CD

15
>-

(!)
cr

uj 10
z
LU

- □

5 -

1  I I I I I i~
C Mn-Ma^Ti,B on QdT C-KAn-Ma-Nb

5I^J/m_

Columnar Mixed Equioxed
t^Y:m

Fracture Appearance
I  I I I

30

20 UJ
o:
3

O
<

10 ^
€C
<
Ul
X

UJ
O
QC
Ul
CL

800 1000 1200 1400

PEAK REHEAT TEMPERATURE, ®C

3
O
-3

CD
q:
o
CO
CD
<

>-
o
q:
UJ
z

n  1 1 r"
Mn-Ni-Mo on A7I0 5MJ/m

Columnar Mixed Equiaxed

Fracture Appearance
I  1 I I

30

20

10

UJ
CL
3
t—
O
<
OL

800 1000 1200 1400

PEAK REHEAT TEMPERATURE.

OL
<
UJ

O
CL
UJ
CL

I
KjJ
t-»

Ul

FIGURE 4,21 - Summary of subsized (5x10mm) Charpy V-notch test results at -94®C
for a) 5MJ/m C-MN-Mo+Ti,B on Q&T C-Mn-Mo-Nb weld metal and b) 5MJ/m Mn-Ni-Ho on
A710 weld metal. as



Q

111
CD

OC
O
(n
CD

<

>-
e>
a:
UJ
z
ill

Hh

25

20

15

10

5

0

5 X lOmm Subsize Charpy Impact Tests, -94®C
1  i 1 1 1 r

Mn-Ni-Mo on A7I0 t Ti,B 3MJ/m

O  O

Ac,

Columnar Mixed? Equioxed

Fracture Appearance

-J I I I I I 1 L

30

20

10

w?ided '000 1200 1400
PEAK REHEAT TEMPERATURE, ®C

liJ
oc
3
t-
0

<
q;
li.

q:
<
UJ
1
CO

UJ
o
q:

5 X lOmm Subsize Charpy Impact Tests, -94®C
"o"! 1 1 1 1 1 1 r-

Mn NI-Mo on A7IO«Ti,B 5MJ/m
O

il

Columnar

Welded

Mixed? Equiaxed

Fracture Appearance

J-

30

20

10

UJ

q:

3
I-
O

<
a:

800 1000 1200 1400

cr

<
ui
X
CO

0
01
UJ
CL

Hi

Ut

-4

CJ1

PEAK REHEAT TEMPERATURE. ®C

FIGURE 4.22 - Summary of subslzed (5x10mm) Charpy V-notch test results at -94®C
for a) 3MJ/m and b) 5MJ/m Mn-Ni-Mo on A710 + Ti,B weld metal.



C-Mn-Mo + Ti, B on QST C-Mn-Mo-Nb, 5MJ/m

L A.*

•V^ A
•6. ^ ̂  " r,

".-r■:■*.»•■

"  - ■.Viv-'i

Mn-Ni-Mo on A7I0, 5 MJ/m

■,%^-
1  ■■

■■-v

■V.

As Welded

PEAK REHEAT TEMPERATURE,

1 100

I--:

1350

FIGURE 4.23 - Photomacrographs of the low temperature, -96°C, Charpy fracture
surfaces of as-welded and reheated 5MJ/m, C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb and Mn-
Ni-Mo on A710 weld metal. Note the change in fracture surface morphology for
peak reheat temperatures at or above 1100®C.



Mn-Ni-Mo on A7IO + Ti,B, 3MJ/m

■

■.V,v,

ji^Vrr-'
^A-

■ s:*

'xSm
r:;Ey

.;:V .f

^v■. •*

As Welded

■5

Mn-Ni-Mo on A7IO + Ti,B, 5MJ/m

V-

. ^
' ¥

.1 •■'

■rs^

r 'T;

■ '"sr

-j"

'■^v-•■ *7^ ■■
• -. . ..?.-■ ■

■  ■

H-^. ■

"■ '■ v: *

.. •*

1  100 11

PEAK REHEAT TEMPERATURE,

- ?■

350

FIGURE 4.24 - Photomacrographs of the low temperature, -96°C, Charpy fracture
surfaces of as-welded and reheated 3 and 5MJ/m, Mn-Ni-Mo on A710+Ti,B weld
metal. Note the change in fracture surface morphology for peak reheat
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followed by a consideration of the macro- and microscopic

fracture surfaces.

The primarily acicular ferrite weld metals investigated

all demonstrated similar low temperature Charpy impact test

response to the peak reheat temperature. The absorbed

energy and the percent shear fracture at -96®C decreased as

the peak reheat temperature increased up to the The

minimum is associated with the 'high aspect' region adjacent

to the coarse grain zone. Poor toughness for this reheat

zone microstructure has also been reported by other

investigators (41). The decrease in absorbed energy and

percent shear fracture from the as-welded condition for

peakreheat temperatures of 970°C and below corresponds with

the general coarsening of the ferrite constituents in the

microstructure. Above the there is an increase in both

absorbed energy and percent shear fracture. This may be

explained by the finer structure in this reheat region and

the lack of continuous grain boundary films acting as

preferential crack paths. Note that both the

microstructures formed and the Charpy impact data agree with

the predictions made initially in Figure 1.8. Recall that

the reheat zone microstructure - property model summarized

in Figure 1.8 indicated there would be a toughness decrease

in the reheat zone in the absence of continuous grain
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boundary ferrite.

The Charpy impact test response of the 3MJ/m, Mn-Ni-Mo

on A710+Ti,B duplicate welds to reheating is quite different

than the acicular ferrite weld metals above. However, the

behavior of the ferrite with aligned second phase as-

deposited microstructure was similar to that reported for

banitic Mn-Ni-Mo weld deposits in Section 1.4. The low

temperature Charpy impact test values reported in Figure

4.22a indicate the highest reheat zone region toughness was

associated with the mixed aspect ratio ferrite formed by

reheating to temperatures between the and Kp,p. Recall

from the as-deposited and reheat zone microstructures

presented in Figure 4.19 that the mixed aspect ratio ferrite

microstructures are similar in appearance to those from

similar peak reheat temperatures in the alloyed acicular

ferrites discussed above. In agreement with previous

investigations, the lowest reheat zone toughness was

associated with the coarse ferrite with aligned second phase

microconstituent formed in the coarse grain reheat region

and the continuous carbides formed at the prior austenite

grain boundaries in the tempered region. The relatively

high low temperature absorbed energy and percent shear

associated with the as-deposited structure may be due to the

presence of interlath retained austenite rather than the
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carbides reported in bainitic weld metals (70).

Nextr consider the macrographs of the low temperature

fracture surfaces for as-welded and reheated conditions

presented for the 5MJ/m C-MN-Mo+Ti,B wire on Q&T C-Mn-Mo-Nb

plate and Mn-Ni-Mo wire on A710 plate welds in Figure 4,23/

and for the 3 and SMJ/m, Ti+B doped Mn-Ni-Mo wire on A710

plate welds in Figure 4.24. The most striking feature of

the macrographs is how the cleavage facets give the fracture

surfaces an appearance of intergranular fracture along

columnar grain boundaries in the as-welded condition and for

peak reheat temperatures below the Note that the

consistency of cleavage facet orientation within the

columnar prior austenite grains from the as-deposited

structure clearly supports the texture memory effect

proposed in Section 4.3. Recall that the "texture memory"

effect is proposed to be due to maintainance of a R-S

orientation relationship through the reaustenitization

reaction on reheating and again during ferrite formation in

the reheat region on cooling. The constancy in martensite

lath orientations in as-quenched samples and ferrite laths

in reheat region microstructures are cited as supporting

evidence for the texture memory. Above the Vg^/ the

fracture surface takes on the appearance of intergranular

fracture in an equiaxed material.
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In Figure 4,24 the fracture surface of the 5MJ/m C-MN-

Mo+Ti,B on Q&T C-Mn-Mo-Nb and Mn-Ni-Mo on A710 welds appear

to be a mixture of columnar and eguiaxed grains for a peak

reheat temperature of 1100°C suggesting the onset of

equiaxed austenite formation or "recrystallization".

Although the measured on heating for these weld metals

reported in Figure 4.5, indicates 1100®C is slightly below

the recrystallization was not unexpected. The reheat

thermal cycle includes a 10s hold at peak temperature and

maintains a certain amount of time at high temperatures

during cooling allowing austenite recrystallization to begin

at lower temperatures. Also note that the fracture surfaces

of the Ti+B doped welds suggest that the transition to the

equiaxed facets occurs at a higher peak reheat temperature.

This is expected for these compositions due to the higher

(30-50°C) measured during heating.

Metallographic sections of the low temperature fracture

surfaces show the fracture appears to preferentially follow

remnant prior austenite grain boundaries from the as-welded

microstructure. The preference for prior austenite grain

boundaries from the as-deposited structure contributes to

the appearance of intergranular fracture in a columnar grain

material. The former austenite boundaries are evidenced by

the ferrite morphology for all samples reheated to
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temperatures below the Vj^tp. In all of the sectioned

fracture surfaces^ coarser more equiaxed ferrite and/or a

change in ferrite lath axis orientation was associated with

the prior austenite grain boundary. A representative

sectioned fracture surface for the 5MJ/m, C-Mn-Mo+Ti,B on

Q&T C-Mn-Mo-Nb weld reheated to a peak temperature of 850°C

is presented in Figure 4.25. In the normal weld metal

section in Figure 4.25/ note the fracture follows the

coarser more equiaxed ferrite present at the as-deposited

prior austenite grain boundary. Similar analysis has shown

that above the Kp,j, the fracture tends to follow the equiaxed

prior austenite grain boundaries formed during the reheat

cycle.

4.5.4 Charov V-Notch Transition Curves

To corroborate the qualitative toughness ranking of

the reheat region microstructure determined from the low

temperature Charpy data above, Charpy V-notch transition

curves were prepared for peak reheat temperatures of 850,

970/ 1100 and 1350°C for comparison with the as-deposited

structure. Due to the variability problems associated with

the two duplicate 3MJ/m/ Mn-Ni-Mo on A710+Ti/B welds used

for 5xl0mm Charpy blanks, they were not included for further

study. Variability along the length of the duplicate 5MJ/m/



m

m

m

FIGURE 4.25 - Metallographic section of the low temperature, -96 C, Charpy
fracture surface (normal weld metal section) of the 5MJ/m, C-Mn-Mo+Ti,B on Q&T
C-Mn-Mo-Nb weld metal heated to a peak reheat temperature of 850 C. Note how
the fracture follows the coarser more equiaxed ferrite associated with the as-
deposited prior austenite grain boundaries. (2% nital)
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Mn-Ni-Mo on A710+Ti,B weld also proved to be excessive. The

measured data for this weld metal are tabulated in Appendix

IV and will not be discussed in any further detail.

Charpy V-notch test results are summarized as a

function of peak reheat temperature for the 5MJ/m, C-Mn-

Mo+Ti,B wire on Q&T C-Mn-Mo-Nb plate weld and Mn-Ni-Mo on

A710 weld in Figure 4.26a and 4.26b. The tabulated absorbed

energy and percent shear fracture data and respective

transition curves may be found in Appendix IV. The upper

shelf energies and Fifty Percent Fracture Appearance

Transition Temperatures (50% FATT) reported in Figure 26

were determined with as few as five test samples (see

Appendix IV). Due to the limited number of tests, the upper

shelf energies and 50% FATT are shown with an error bar

indicating an estimated 95% confidence limit. The error

estimates were based on previous work involving subsized

Charpy impact testing of HSLA steel weld metals (75).

The two weld metals represented in Figure 4.26 show an

increase in 50% FATT, over the as-welded condition, with

increasing peak reheat temperature up to the Vpip. The upper

shelf energy however, remains essentially constant in this

range. Above the there is a drop in both the upper

shelf energy and the 50% FATT. Note that the 50% FATT

results verify the qualitative toughness ranking
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determined from the low temperature charpy test results

reported in Figure 4.21. Also note that the upper shelf

energy for the as-deposited and reheat region

microstructures for peak temperatures below the yim are

approximately equal for both weld metals tested. This was

expected as the measured hardnesses for these

microstructures were also essentially the same. However,

the drop in upper shelf energy for the coarse grain region

microstructures produced by a peak reheat temperature of

1350®C was not expected. A drop in uppershelf energy is

usually associated with an increase in ferrite strength

and/or inclusion density (112). Microhardness data and

metallography suggest there was not a significant change in

either when compared to the as-deposited or other reheat

region microstructures. Additional testing to determine

stress strain behavior from compression tests should explain

the differences in the upper shelf energy.

The Charpy impact test data in Figure 4.26, again,

indicate a toughness minimum in the high aspect areas of the

RHZ^. The associated 30°C increase in 50% FATT with this

microstructure is expected to be the worst case. The

poorest toughness in an actual RHZ^ is not expected show as

large an increase in 50% FATT. This is due to the

discontinuous nature of the unfavorable high aspect areas in
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the RHZ^ which were continuous in the reheat region

simulation. Additional degradation of toughness with

subsequent reheating is also not expected to be significant.

Precipitation hardening reactions in the weld metal are not

expected based on previous work (75,113). Formation of

martensite islands between laths in ferrite with aligned

second phase microconstituents reheated to peak temperatures

between the and A^^* been shown to produce minimum

toughness in RHZj^p (2) . This is not expected to be a

problem in the reheat zones investigated as the volume

fraction of the ferrite with aligned second phase

microconstituent is very low.

Although there is some degradation of toughness in the

RHZ^ for the alloyed acicular ferrites tested, the toughness

is always quite good. All reheat zone regions tested

exhibit upper shelf behavior at 0°C and have 50% FATT's,

reported in Figure 4.26, below -20°C. The relative

magnitude of the toughness change is also quite small. A

change in reheat zone volume has been reported to cause as

much as an 80®C change in Charpy transition temperature by

other investigators (54). However, the maximum difference

in FATT between reheat zone regions and the as-welded

structure measured in this investigation is 30°C. Measured

differences in 50% FATT with varying volumes of as-deposited
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and reheat region microstructures is expected to be

significantly less than 30®C for the acicular ferrite weld

metals considered in this investigation. This is due to the

discontinuous nature of the high aspect (poorest toughness)

microstructure in the RHZ^ and the homogenizing effect in

composites of the reheat region and as-deposited

microstructures in multi-pass weld metals. The small drop

in toughness on reheating in the alloyed acicular ferrite

weld metals does not suggest that multipass welding should

be avoided with these consumables^ but rather that they may

be used in single and two pass applications since they do

not rely on reheating for fracture toughness improvement.

4.6 Summary pf the invegtigation gf Reheat Zone Micro
structures and Properties in Selected Alloyed Acicular
Ferrite Weld Metals

The alloyed acicular ferrite weld metals investigated

contained sparse discontinuous grain boundary ferrite. The

strength and toughness of these weld metals, as measured by

hardness and Charpy tests, were rather insensitive to

reheating. Reheat zone toughness, as measured by the 50%

FATT, was slightly poorer than the as-deposited weld metal.

The minimum toughness was associated with peak reheat

temperatures just below that required for coarse, equiaxed,

austenite formation. However, at worst, the measured reheat

zone properties are good in comparison to reported data for
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Other weld metals. The relative insensitivity of the

mechanical properties to reheating in the alloyed acicular

ferrite weld metals tested suggests the consumable systems

used are 'flexible*. Flexibility implyies they may be used

in a variety of applications yielding differing volumes of

reheated weld metal and be expected to perform well.

The microstructures and mechanical properties

support the RHZ^ structure property model proposed prior to

this experimental work. Predicted effects of reheating on

acicular ferrite weld metals with discontinuous grain

boundary ferrite were a decreases in strength and toughness.

Data from this investigation support this proposal. The

beneficial effects of reheating on weld metal toughness

predicted for acicular ferrite weld metals with continuous

grain boundary ferrite was not tested. However, reported

data in the literature do support this position (55,66).

Metallographic observations on actual and simulated

RHZ^ and observations on reheated and quenched weld metal,

led to the proposal of a microstructural development model

to predict reheat zone microstructures from a range of as-

deposited acicular ferrite weld metal microstructures. The

microstructural development model specifically addresses the

range of observed microstructures in the fine grain reheat

region of acicular ferrite weld metals and the low
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temperature fracture appearance of reheated weld metal. The

fine grain reheat region microstructures which range from

uniform, equiaxed ferrite to mixed aspect ratio ferrite, are

proposed to reflect the austenite morphology formed on

reheating. Equiaxed microstructures were proposed to form

from globular austenite formed on heating, whereas the mixed

aspect ratio ferrite was proposed to form from acicular

austenite. The austenite morphology was proposed to reflect

the initial ferrite morphology in the as-deposited

microstructure where globular austenite initially forms from

primary ferrite and acicular austenite forms from acicular

ferrite.

Fracture surfaces from low temperature Charpy impact

tests of reheated alloyed acicular ferrite weld metal

reflected the columnar prior austenite grain structure of

the as-deposited weld metal until the material was reheated

to temperatures required to form coarse, equiaxed austenite

(>1100°C). This was proposed to be due to morphology and

crystallographic orientation memory in the transformation

from acicular ferrite to acicular austenite and back to

ferritic transformation products. The transition from

acicular austenite to equiaxed austenite on heating was

shown, by a numerical technique, to follow classic

recrystallization or growth type kinetics.
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The model initially proposed to predict toughness

response to reheating in acicular ferrite weld metals, the

reheat zone microstructure evolution model introduced in the

discussion, and the numerical method developed to calculate

IT data from CHT and CCT data are expected to lead to

promising developments in future work.

4.7 Recomendations for Futwre Work

The data in this study agree with the predictions

outlined in Figure 1.8 for toughness response to weld metal

reheating. The reheat zone toughness of alloyed acicular

ferrite weld metals with discontinuous grain boundary

ferrite was slightly worse than that of the as-deposited

weld metal. Additional work is expected to verify a

toughness improvement, predicted in Figure 1.8, for alloyed

acicular ferrites with continuous grain boundary ferrite.

The procedures used in this investigation should also be

used to evaluate reheat zones in C-Mn acicular ferrite weld

metals with their wide range of grain boundary ferrite

content and acicular ferrite lath size. Particularly, tests

to verify toughness improvement cited for the equiaxed, fine

grain region of C-Mn acicular ferrite weld metal reheat

zones are desirable to support the structure property model

in Figure 1.8. Verification of the structure property model

would allow the reheat zone mechanical properties to be
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estimated from as-deposited acicular ferrite microstructures

rather than requiring extensive mechanical property testing

on multiple pass weldments.

Verification of the microstructural evolution model,

particularly the aspects of crystallographic orientation

memory, could be obtained with additional testing on weld

metals used to verify the structure-property model above. A

series of quench studies, such as those used in this work,

and pole figure determinations on as-welded and reheated

microstructures are expected to verify the austenite and/or

ferrite morphology and crystallographic orientation

predictions. Room temperature X-ray pole figure

determinations on individual samples before and after

reheating would provide most of the crystallographic

information required. In addition, neutron diffraction

promises real time pole figure monitoring (114) and would

allow the crystallographic aspects of reheat zone

microstructural evolution to be monitored continuously

during heating and cooling.

Interesting possibilities for the numerical

determination of TTT data from CCT and CHT curves arise from

this work, particularly with the promised simplicity of

Gleeble radial dilatometry. For linear heating and cooling

rates, a simple numerical form to calculate isothermal
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critical times was developed. Only the expected linear

heating or cooling rates to selected critical temperatures

need be determined.

When the existing configurational and calibration

difficulties are eliminated, the Gleeble 1500 would allow

rapid determination of the necessary linear CCT and CHT

data. Although some of the more interesting aspects of this

investigation would and could not have been discovered

without it, the current system puts an undesirable axial

compressive load and, at times, a bending moment, on radial

dilatometry samples while testing. A stress-free or reduced

stress fixturing system for gripping and aligning the radial

dilatometry samples must be developed prior to extensive

aquisition of CCT data from the Gleeble 1500 system.
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5. CQNCLOSTONS

1 - Within the range of alloyed aciculac ferrite weld metal

microstructures tested, miccostructuce and mechanical

property data support the proposed as deposited and

reheat zone structure property model. The data support

the slight decrease in strength and toughness predicted

due to reheating of as-deposited microstructures

containing sparse discontinuous grain boundary ferrite.

Future work is required for verification of the

predicted decrease in strength and improvement in

toughness on reheating for as-deposited microstructures

containing continuous grain boundary ferrite.

a) A model has been proposed to predict RHZ^

microstructures in acicular ferrite weld metals from

the as-deposited microstructure. The model explains

the observed differences in aspect ratios observed in

reheat zone microstructures of acicular ferrite weld

metals. The model relies on the formation of both

globular (equiaxed) and acicular austenite when

reheating acicular ferrite weld metals. The ferrite

formed from the two austenite morphologies is proposed

to reflect the aspect ratio of the respective parent

austenite. This model also suggests the reheat zone

properties in acicular ferrite weld metals may be
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predicted from the as deposited structure

b) A change in low temperature fracture appearance, from

columnar to eguiaxed facets, in alloyed acicular

ferrite weld metals is associated with the transition

from acicular to coarse, equiaxed austenite. The

transition marks the boundary from the fine grain to

the coarse grain reheat region in the

2. A change in austenite morphology on heating of acicular

ferrite weld metal was identified to be associated with

anomalous radial dilatometry curves obtained on the weld

metals tested.

a) It is possible to monitor the change in austenite

morphology by radial dilatometry on the Gleeble 1500

due to axial constraint of the dilatometry samples

during heating.

b) A numerical method for calculating TTT data from weld

metal CHT curves was developed to estimate apparent

activation energies for the transition from acicular

austenite to coarse equiaxed austenite.

3 - The Gleeble 1500 thermo-mechanical test system may be

used to accurately reproduce microstructures in

sufficient volumes to characterize mechanical

properties.
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4. Hardness measurements on weld reheat zones and hardness

and Charpy V-notch data on simulated weld reheat zones in

the alloyed acicular ferrite weld metals indicate the

strength is virtually unchanged and the toughness levels

are slightly worse when compared to the as-deposited

microstructure. This is in contrast to the C-Mn acicular

ferrite and Hn-Ni-Mo bainitic weld metals that show a

drop in strength and increase in toughness in the

It should be noted that the alloyed acicular ferrite weld

metals tested did not contain continuous grain boundary

ferrite in either the as deposited or coarse grain reheat

region microstructures.

a) A toughness minimum is associated with peak reheat

temperatures between the A^^ and the onset of

austenite grain coarsening. This is in contrast to C-

Mn acicular ferrite and Mn-Ni-Mo bainitic weld metals

where peak reheat temperatures in this range have been

associated with a toughness maximum.
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GLEEBLE 1500 Operating Notes

This appendix is designed to provide guidance to those

attempting to reproduce types of tests run in this

investigation. The appendix is divided into five sections

including. Samples and Sample Preparation, Thermocouples and

Thermocouple Placement, Test Configuration and Operation,

Dilatometer and Dilatometry Placement, and Chart Recorder

Settings. Additional information may be found in the

Research Record Books on file.

Samples and Sample Preparation

The 0.25inch diameter rod and tubular samples used for

radial dilatometry in this investigation are illustrated in

Figure Al.l. All samples were machined as 3.5 inch 0.25inch

diameter rods, perpendicular to the weld as indicated by

sample A in Figure Al.l. Where there was insufficient weld

penetration material or machining irregularities which

resulted in samples with less than a 100% weld metal cross

section in 0.25inch rod, offset reduced section samples, B

in Figure Al.l, were used. The offset reduced diameter

samples were prepared as follows:

1) Macroetch to identify the base plate material to be
removed.

2) Clamp in a vise to roughing down to size with a file.

3) Mount in a drill press for final filing to a round sample
with a reduced diameter section of 0.18 inches.
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FIGURE Al.l - Illustrated summary of rod shaped dilatometry samples used in this
study. Transverse bars were sawed from the weldment and turned down to the
standard 90mm x 6.3mm diam. sample, A. The standard sample was used to produce
offset, a reduced diameter sample, B, or a 50mm x 6.3mm diam. tubular quench
sample, C.
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4) Marcoetch to verify a 100% weld metal section and to
allow proper placement of the thermocouple.

Tubular quench samples, sample C in Figure Al.l, were

prepared by drilling 50mm lengths of 0.25inch diameter rod

machined perpendicular to the weld. The reduced length was

required to maintain maximum concentricity. Preparation of

the SxlOmm bar samples was illustrated previously in Figure

3.4, pg. 53. Note that all the weld metal samples were

ground to 400 mesh SiC and macroetched to allow proper

thermocouple placement. The macroetch used was 15% HCl + 5%

CH^OH.

Thermocouples and Thermocouple Placement

Two bare wire thermocouple types were used in this

program. Type K (chromel-alumel) and Pt-Ptl3%Rh. The Pt-

Ptl3%Rh thermocouples were on samples run at temperatures

above 1200°C because the Type K thermocouples detached at

approximately 1250®C on A710 (0.5Mn-0.9Ni-0.7Cr-0.3Mo-1.2Cu)

steel samples. The wire diameters were 0.010inch as

recommended by Duffers. Experience with larger diameter

thermocouple wire indicated the response time was

significantly increased and that larger diameter

thermocouple wires should be avoided. Thermocouple length

was 6.5 inches for Type K thermocouples. The Type K

thermocouples were discarded after use. Initial

thermocouple length for the Pt-Ptl3%Rh thermocouples was
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8 inches. These thecinocouples were reused after removing

approximately 0.5 inches from the junction end after each

use. Thermocouples were reused until the length was reduced

to approximately 6 inches. The 6 inch thermocouples were

then stored for eventual use in high temperature X-ray

diffraction work.

Thermocouples were placed at the top weld center line

on all weld metal samples as illustrated in Figure Al.l and

Figure 3.4. Samples were loaded such that the positive

thermocouple lead was toward the bottom of the vacuum box to

limit the amount of AC noise picked up by the thermocouple.

Test Configuration and Operation

All tests were run in the 205x360mm vacuum tank using

the 4mm free span coupler. Samples were loaded by manually

positioning the jaws. Stroke Control in direct, to a

predetermined point in tension. The standard 3.5inch rod or

bar samples were then jacked into place as illustrated in

Figure A1.2a. The jacking sequence proceeded first on the

fixed jaw, then on the floating jaw. Positioning the jaws

in tension allowed the samples to expand freely against the

0-ring seals rather than the hydrolic ram. Aluminum back

up rods were required on short specimens as indicated in

Figure A1.2b in order to maintain acceptable electrical
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FIGURE Al.2 - Gleeble 1500 sample loading and fixtucing
configurations for a) 90mm x 6.3mm diameter rod, b) 50mm x
6.3mm diameter rod, and c) 50mm x 6.3mm diameter tubular
quench samples.
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contact with the test sample. The dilatometer fixture was

affixed to the sample after loading.

Quench tests were run on the tubular samples described

above. Samples and backup tubes were loaded and jacked into

place as described above. The tension jacks were then

removed and the hoses from the quench ports were clamped to

the backup tubes as illustrated in Figure A1.2c. Quench

fixturing included 0.25 inch ID hoses and 5/16 inch copper

tubing in the quench ports to minimize back pressure

(maximize flow rate). The heat mute was turned on as the

quenches were initiated to avoid temperature instabilities.

The quenches were 0.5s water driven by 60psig welding grade

helium, followed by 10s flowing helium driven at 60psig to

blow the water out of the system. It was important to

minimize the run of tubing from the quench fixture to the

sample in order to deliver the quench media at the programed

time. The procedures above may be modified for accelerated

cooling by quenching with argon or helium at reduced

pressures.

All dilatometric tests and reheat zone simulations were

run in a flowing argon atmosphere in the 205x360mm vacuum

tank. The flow rate was 15cuft/hr of welding grade argon.

Tests were run with the exhaust port open to the model FS

Argon Venting System constructed by the author. The pyrex
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top to the vacuum tank was not clamped down during the tests

run in this investigation. However, clamping the top is

recommended for future work to decrease the amount of argon

vented into the room during testing.

The argon atmosphere was established by first

establishing a vacuum of >5 millitorr. The vacuum tank was

then back filled, at a high flow rate, with argon to -Spsig,

before pumping back down to >50 millitorr. These steps may

have been repeated to improve the atmosphere in the event

that the vacuum tank was contaminated or left open to the

air for an extended period of time. The vacuum tank was

then backfilled with argon to establish positive pressure

before opening the exhaust port and reducing the argon flow

rate to 15cuft/hr.

Quench tests were also run in a flowing argon

atmosphere. The atmosphere was established as described

above, however, the quench exhaust port had to be plugged in

order to establish a vacuum in the tank. IMPORTANT!!!

Remove the plug from the quench exhaust port prior to

quenching.

The thermal operating settings most commonly used were:

Transformer: Tap 2, Range II

1531 T-Servo: Size 2, Count 1, Trim was adjusted

as required to track the program.
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Dllatometer and Dilatometer Placement

The dilatometer or dilatometer fixture referred to

throughout the text is a Duffers crosswise strain fixture

(C-Strain) or radial strain gage. The fixture is spring

loaded with a LVDT for displacement measurement. Several

modifications were made to the original C-Strain fixture

throughout this work and are described below.

1) The original alien head cap screws were replaced by

counter sunk flat head screws to reduce both the

effective width of the fixture and to reduce the fixture

mass.

2) The C-strain fixture was refitted with quartz tubing

rather than rod to reduce the mass of the fixture.

3) The hot end of the C-Strain fixture was modified to an

all quartz configuration. This prevented the thermal

drift associated with the original aluminum cross member

supports.

4) Water cooling was also added to the body of the device to

prevent thermal drift. The laboratory heat pump had to

be shut off during the test run to prevent the

temperature of the building water from fluctuating and

causing artifacts on the dilatometry traces. In order to

stabilized the water temperature it is suggested the

water be passed through a copper coil in the holding tank
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of the water chiller unit.

5) Adapters were made to allow use of 3mm diameter quartz

tubing for the stop U in the C-Strain fixture. Use of

the 3mm quartz tubing allows more accurate placement of

the C-Strain fixture on short free span samples where

placement is critical. However, this modification is not

recommended for general use as the 3mm diameter

replacements are more fragile than 5mm diameter stop U's.

Placement of the C-Strain fixture on rod and bar

samples is shown in Figure A1.3a and A1.3b respectively.

Note that the fixture is placed in the same plain of section

as the thermocouple. In order to fit underneath the pyrex

vacuum tank cover in the vertical position required for

testing SxlOmm bar samples, the C-Strain fixture was fitted

with shortened springs and shortened tubular quartz members.

Chart Pecoi:<3ei: Settingis

Dilatometric measurements on steels were recorded on

the Soltec 3314 four channel recorder in X-Y mode as

follows:

- Channel 1, (X-drive), 1576 Recorder Interface Filter On,
Actual Temperature, 0-2.OV = 2000°C in 40cm.

- Channel 2, (Y), 1576 Recorder Interface Filter On, Actual
Temperature, Calibrated Span 0-2.OV = 2000°C in lOinches.

- Channel 3, (Y), 1576 Recorder Interface Filter Off,
Program Temperature, Calibrated Span 0-2.OV = 2000 C in
lOinches.



Radial Dllatometer Placement
All Quartz Hot End Stiown was

Constructed of 3 and 5mm

Diameter Quartz Tubing

Ttiermocouple |

I
OJ

t-"

oi

6.3mm Diameter Rods 5xlOmm Bars

(Use Shortened Springs)

Front of Vacuum Tank

FIGURE A1.3 - Gleeble 1500 dllatometer placement on a) 6.3mm diameter rod and b)
5x10mm bar samples. Note that the dllatometer Is placed In cross sectional
plain of the thermocouple.

vo
o
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- Channel 4, (Y), 1576 Recorder Interface Filter Off, C-
Strain, Variable Span 0-200inV = 0.20nun in lOinches.

Time-Temperature traces for the quench samples were

recorded in Y-time mode as follows:

- Chart Speed (X-Drive), 60cm/s

- Channel 1, Off

- Channel 2, (Y), 1576 Recorder Interface Filter On, Actual
Temperature, Calibrated Span 0-2.OV = 2000®C in lOinches
(also 0-1.OV = 1000°C).

- Channel 3, (Y), 1576 Recorder Interface Filter Off,
Program Temperature, Calibrated Span 0-2.OV = 2000 C in
lOinches (also 0-1.OV = 1000°C).

- Channel 4, Off
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APPENDIX II

Exponential Cooling Progcain

with Example Output



T-3i75 193

10

20

30

40

60

70

80

90

100

110

120

130

140

150

160

170

ISO

190

200

210

220

230

240

250

255

260

270

280

290

300

310

320

330

340

350

360

400

410

420

430

440

450

500

510

520

530

540

550

560

570

575

580

THIS PROGRAM WILL CALCULATE THE INCREMENTAL TIMES

BETWEEN SUCCESSIVE COOLINGS

DIM T(500), M(50), TA(500), CHT(50), DT(500), TF(500)

CLS: COLOR 5: KEY OFF

INPUT BLOCK

LOCATE

LOCATE

LOCATE

LXATE

LOCATE

5,20

6,20

7,20

8,20

9,20

LOCATE 10,20

PRINT"'*

PRINT"'

PRINT"'

PRINT"'

PRINT"'

PRINT""

LOGARITHMIC COOLING FOR

USE ON THE GLEEBLE 1500

COLOR 18: LOCATE 20,20 : PRINT" Please Hit RETURN to Continue "
A$ a INKEY$ : IF A$ « "" THEN 200
IF A$ « CHR$(I3) THEN 230 ELSE 200
0

CLS: COLOR 5

LOCATE 5,20 : INPUT"Please Input the Initial Temperature in 'C ",T0
IF FLAG«2 GOTO 400

LOCATE 10,20 : PR1NT"Please Input the following boundary conditions"
INPUT"Upper Boundary Temperature CO « ",TU
INPUT"Lower Boundary Temperature CO « ",TL
INPUT"Time between these Temps (sec) « ",T

LOCATE 12,30

LOCATE 14,30

LOCATE 16,30

COLOR 18

LOCATE 20,20

IF B$ s "Y"
IF 8$ a "y"
IF B$ = "N"

IF B$ a "n"

;  INPUT"Are these conditions correct ?

THEN GOTO 400

THEN GOTO 400

THEN GOTO 230

THEN GOTO 230

',B$

THIS BLOCK WILL CALCULATE "M" FOR THE BOUNDARY CONDITIONS GIVEN
0

M = (LOG(TU/TO) - LOG(TL/TO)) / T
0

COLOR 5

0

THIS BLOCK WILL OUTPUT THE VALUE OF 'M'

C$ = "\ \####.####\ \"
LOCATE 20,20 : PRINT USING C$;" The Value of 'M' = ",M,"

FOR la I TO 2000 STEP I

NEXT I

IF FLAGa3 GOTO 665

CLS
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590

600

610

620

630

640

650

653

654

655

657

660

662

663

THIS SECTION WILL CALCULATE THE TIME CHANGE BETWEEN GIVEN

TEMPERATURE INTERVALS

LOCATE 6,20 : PRINT"PIease input the increment for which you wish"
LOCATE 7,20 : PRINT" to find the time incremental change."
LOCATE 9,30 s INPUT"Temperature Interval CO = ",TI

'  K i 5 the number of i ncrementa1 t!mes a t i me va1ue wi l l be found

K = INT((TO - 25) / TI) + 1

LOCATE 15,20 : PRINP'The number of increments between RT & ";T0;" is ";K

THIS IS THE ACTUAL CALCULATION BLOCK <

665

667

670

675

680

690

700

710

720

722

725

726

727

730

740

750

760

770

780

787

790

795

800

804

805

806

810

FOR N=l TO K STEP I

T(0) s TO

IF N>1 THEN 710 ELSE 675

TA(N) a TO - TI

T(N) = (LOG(TO/TA(N))) / M
GOTO 722
0

TA(N) = TA(N-l) - TI

T(N) = (LOG(TO/TA(N))) / M
IF N=l THEN 121 ELSE 725

OT(N) = T(N) - T(N-l)
GOTO 730

DT(N) = T(N) - 0
NEXT N

IF N<100 THEN 770

COLOR 2: LOCATE 15,20 : PRINT"The number of iterations has exceded 100"
0

as

0$ = "\\####.###\ \#####.###\ \####.###"
LOCATE 5tl0 : PRlNT"The values for the time intervals between";TO;" &
•*;T(K);" are:"

\####.##\ \#####.##\ \####.##"
LOCATE 8,20 :PRINT"TIME (sec) TIME CHANGE CO ACTUAL TEMP CO"
LOCATE 9,20 :PRINT" «
FOR N=1 TO K STEP 1
PRINT USING K$;" ":T(N);" ";OT(N);" ";TA(N)
NEXT N
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900

910

920

930

940

950

955

960

970

975

980

985

990

995

THIS SECTION GIVES A CHOICE FOR A HARDCOPY PRINTOUT

CLS

LOCATE 5t20 ; PRINP'Would you l ike a hardcopy of these results ? "
H$ = INKEY$

IF H$ THEN 950

IF H$ = '•N- OR H$ = ♦•n" THEN 1500 ELSE 970
IF H$ s -Y- OR H$ = «y- THEN 975
CLSs LOCATE 10,25 : PRINT^Prepare the Printer for output "
COLOR 18: LOCATE 20,27 : PRINT'^Hit 'RETURN' to continue"
COLOR 4: G$ = INKEY$
IF G$ = THEN 985
IF G$ s CHR$(13) THEN 1000

1000
lOlO
1015
1020
1030

THIS SECTION GIVES A HARDCOPY

LPRINT: LPRINT: LPRINT:
FLAG = 0

1040 LPRINT
1050 LPRINT TAB(20)"* • It

1060 LPRINT TAB(20)"» LOGARITHMIC COOLING FOR • ft

1070 LPRINT TAB(20)"* USE ON THE GLEEBLE 1500 • ft

1075 LPRINT TAB(20)"* • ft

1080 LPRINT TAB(20)"* Written By: Steve Biagiotti 1985 • N

1085
1 non

LPRINT TA8(20)"* • H

1U LrKlN1 iAo(20)
1100 LPRINT;
1110 LPRINT TAB(20)" DATE : ",OATE$
1 113 LPRINT: IP FLAGaO THEN LPRINT TAB(20)" PAGE : # 1"

ELSE IIU
1114 IF FLAG=6 THEN LPRINT TAB(20)" PAGE : # 2" ELSE 1115
1115 IF FLAG=7 THEN LPRINT TAB(20)" PAGE : # 3" ELSE 1120
1 120 LPRINT:
1130 LPRINT TAB(I5)"lnitlal Temperature

'C
= ";T0;"

1140 LPRINT:
1150 LPRINT TAB(15)"The change in time from ";TU;" 'C to ";TL;" 'C = ";T;

" sees"
1160 LPRINT:
1170 LPRINT TABCl5)"Temperature Interval

'C"
= ";TI;"

1180 LPRINT:
1190 LPRINT TAB(15)"The number of incremental time values being considered =

"

TIME CHANGE (sec)

;K
1200 LPRINT: LPRINT: LPRINT:
1210 LPRINT TAB(18)"T1ME (sees)
1220 LPRINT TA8(18)"
1225 IF FLAG=6 THEN GOTO 1250
1227 IF FLAG«7 THEN GOTO 1280
1230 FOR Nal TO K STEP 1
1240 LPRINT TAB(16) USING D$;"";T(N);"";DT(N);"
1245 IF N <> 30 THEN 1250
1246 LPRINT CHR$(I2) : FLAG«6

ACTUAL TEMP CO"

";TA(N)
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1247 GOTO 1040

1250 IF N <> 60 THEN 1280

1260 LPRINT CHR$(12) : FLAG^T
1270 GOTO 1040

1280 NEXT N

1290 GOTO 1500

1500

1510

1520

1530

1540

1550

1560

1570

1580

1590

1600

1610

1620

1630

1640

1650

1660

1670

1680

1690

1700

1710

1720

1730

1740

1750

1760

1770

1780

1790

1800

as

LOCATE

LOCATE

LOCATE

LOCATE

LOCATE

LOCATE

LOCATE

LOCATE

LOCATE

LOCATE

LOCATE

LOCATE

LOCATE

LOCATE

LOCATE

LOCATE

LOCATE

OPTIONS <—

5,20

6,20

7,20

8,20

9,20

10,20

11,20

12,20

13,20

14,20

15,20

16,20

17,20

18,20

19,20

20,20

21,20

LOCATE 23,20
F$ = INKEY$
F F$ S

ft It

F F$ S "1

F F$ s "2'

F F$ s ft^l

F F$ s "4"

F F$ s "5'

F F$ s "6'

PRINT"*^

PRINT"*

PRINT"*

PRINT"*

PRINT"*

PRINT"*

PRINT"*

PRINT"*

PRINT"*

PRINT"*

PRINT"*

PRINT"*

PRINT"*

PRINT"*

PRINT"*

PRINT"*

PRINT"**

: PRINT"

>  OPTIONS <

1. Change the temperature i ncrement

2. Change the initial temperature

3. Change the cooling rate (M)

4. Change all of the parameters

5. Exit to Basic

6. Exit to System

•ft

•It

•ft

•It

•ft

• ft

• ft

• ft

•ft

•It

»tt

•ft

•ft

•ft

• ft

(Choose I, 2, 3. 4, 5, or 6)

THEN 1730

THEN 580 xffi
THEN 256-. L FLAG=2
THEN 23<rT FUG-3

THEN 230

THEN 2000

THEN SYSTEM

2000 END
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***************♦*************♦♦********#*#**

*

♦

*

♦

*

»

LOGARITHMIC COOLING FOR
USE ON THE GLEEBLE 1500

Written Bys

*

*

*

Steve Biagiotti 19S5 *
*

DATE 2 05-17-1985

PAGE s # 1

Initial Temperature

The change in time from SOO ''C to 500

Temperature Interval

1400 C

6  sees

20 C

The number of incremental time values being considered 69

TIME (sees)

Oe 184
0,370
0.559
0.751
0.946
1. 144
1.345
1.549
1.757
1.968
2. 182
2.401
2.623
2. 849
3. 079
3.313
3.552
3.795
4.043
4.295
4.553
4.816
5. 085
5. 360
5.640
5.927
6.221
6.521
6.829
7. 144

TIME CHANGE (sec)

0. 184
0. 186
0. 189
0.192
0. 195
0.198
0.201
0.204
0.208
0.211
0.215
0.218
0.222
0.226
0.230
0.234
0.239
0.243
0.248
0.253
0.258
0.263
0.269
0.275
0.281
0.287
0.293
0.300
0.308
0.315

ACTUAL TEMP ( C)

1380.
1360.
1340.
1320.
1300.
1280.
1260.
1240.
1220.
1200.
1180.
1160.
1140.
1120.
1100.
1080.
1060.
1040.
1020.
1000.
980.
960.
940.
920.
900.
880.
860.
840.
820.
800.

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

000
000
000
000
000
000
000
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********************************************

*

*

*

*

*

LOGARITHMIC COOLING FOR

USE ON THE GLEEBLE 1500

Written Bys Steve Biagiotti 1985

*

*

*

*

»

*

****

DATE -• 05-17-1985

PAGE -• # 3

Initial Temperature = 1400 'C

The change in time from 800 'C to 500 "C = 6 sees

Temperature Interval = 20 'C

The number of incremental time values beino considered

TIME (sees) TIME CHANGE (sec) ACTUAL TEMP

26.186 1.345 180.000

27.690 1.504 160.000

29.394 1.705 140.000

31.362 1.963 120.000

33.690 2.327 100.000

36.538 2.849 80.000

40.211 3.673 60.OOO

45.387 5. 176 40.000

54.236 8.349 20.000

69
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APPENDIX III

Weld Metal CCT Diagrams
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Weld Metal CCT Diagrams

The partial weld metal CCT curves presented below were

determined in order to establish exponential cooling rates

for reheat zone simulation. The CCT specimens were heated

at various rates to 1350°C. The samples were held at 1350°C

for 120s prior to cooling to normalize out any effects of

heating rate. The transformation start and finish

temperatures were measured by radial dilatometry. Note that

the reaustenitizing temperature of 1350°C is quite high as

required for weld metal CCT determination.

The partial CCT curves for the 5MJ/m, C-Mn-Mo+Ti,B on

Q&T C-Mn-Mo-Nb and Mn-Ni-Mo on A710 weld metals are

presented in Figures A3.la and A3.lb respectively. Partial

CCT diagrams for the 3 and 5MJ/m, Mn-Ni-Mo on A710+Ti,B weld

metals are presented in Figures A3.2a and A3.2b

respectively. Average values are reported on the CCT curves

for multiple runs. The transformation temperatures are also

tabulated in Tables A3.1 to A3.4. Photomicrographs of the

structures produced are on file.
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I—' M " "1 I  1 I I I M I
20 30 50 100 200s

\

5MJ/m

C-Mn-Mo + Ti,B on

QST C-Mn-Mo-Nb

400

OPH —

I I I !

0.5 1.0 2.0 5.0 10 20 50 100 200 500 1000 2000

COOLING TIME FROM I350«C, s

1000

800 -

K 600
3
h-

<
q:
uj 400
Q.

s
UJ

200 -

5MJ/m

Mn-Ni-Mo on

A7I0

0 -

OPH —

I  ' ■ I ' I'' I
10 20 30 50 100 200$

ilf 293 247 242 239 232

-I ' I I I ' i '
0.5 1.0 2.0

j—I I I I I I J  1 I I I ' I ' I
5.0 10 20 50 100 200 500 1000 2000

COOLING TIME FROM I350«C, s

FIGURE A3.1 - Partial weld metal CCT diagrams for the a)
5MJ/m, C-Mn--Mo+Ti,B on Q&T C-Mn-Mo-Nb weld metal and b)
5MJ/m, Mn-Ni-Mo on A710 weld metal. Exponential cooling
curves are identified by their respective Ato The
reslutant hardness (DPH) of the weld metal sampfeVare also
indicated.
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Mn-Ni-Mo on
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FIGURE A3,2 - Partial weld metal CCT diagrams for the a)
3MJ/m and b) 5MJ/m, Mn-Ni-Mo on A710+Ti,B weld metals.
Exponential cooling curves are identified by their
respective Atg_c. The resultant hardness (DPH) of the weld
metal samples are also indicated.
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TABLE A3.1 - Summary of radial dilatometry on cooling for
the 5MJ/m, C-Mn-Mo+Ti,B wire on Q&T C-Mn-Mo-Nb plate weld
metal. Samples were exponentially cooled following a 120s
soak at 1350°C. Additional processing data and dilatometry
information on heating may be found in Table A4,2,

Transformation Temperature

Sample ^^8-5 Start Finish Hardn

seconds °C DPH

HQ5L20E100 100 658 487 213

HQ5L30E50 50 657 500 220

HQ5L50E50* 50 622 497 —

HQ5L50E30 30 656 535 -

HQ5L100E20 20 675 541 235

HQ5L200E10 10 605 462 234

HQ5L20E3 3 570 425,296 302

HQ5L3E3 3 605 494 310

* Program temperature did not track, data not used.
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TABLE A3.2 - Summary of radial dilatometry on cooling for
the 5MJ/m, Mn-Ni-Mo wire on A710 plate weld metal. Samples
were exponentially cooled following a 120s soak at 1350 C.
Additional processing data and dilatometry information on
heating may be found in Table A4.3.

Transformation Temperature

Sample ^*^8-5 Start Finish Hardness

seconds °C DPH

HN5L10E200 200 582 490 232

HN5L20E100 100 598 483 235

HN5L50E50 50 583 476 424

HN5L30E30 30 597 455 —

HN5L100E20 20 592 470 253

HN5L200E10 10 568 448 277

HN5L3E3 3 540 320 294
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TABLE A3.3 - Summary of radial dilatometry on cooling for
the 3MJ/m, Mn-Ni-Mo wire on A710+Ti,B plate weld metal.
Samples were exponentially cooled following a 120s soak at
1350^C. Additional processing data and dilatometry
information on heating may be found in Table A4.4.

Transformation Temperature

Sample ^^8-5 Start Finish Hardness

seconds Oc DPH

HN3TBL10E200 200 594 519 237

HN3TBL3E100 100 570 480 247

HN3TBL50E50 50 547 448 256

HN3TBL20E20 20 526 401 270

HN3TBL20E10 10 507 395 297
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TABLE A3,4 - Summary of radial dilatometry on cooling for
the 3MJ/m, Mn-Ni-Mo wire on A710+Ti,B plate weld metal.
Samples were exponentially cooled following a 120s soak at
1350 C. Additional processing data and dilatometry
information on heating may be found in Table A4.5.

Transformation Temperature

Sample ^^8-5 Start Finish Hardness

seconds °C DPH

HN5TBL10E200 200 592 480 225

HN5TBL20E100* 100 558 486 253

HN5TBL30E50 50 595 484 237

HN5TBL50E30 30 595 445 244

HN5TBL100E20 20 571 454 255

HN5TBL200E10 10 540 404 289

HN5TBL3E3** 3 512 337 297

*  Dilatometry data and microstructure do not fit with

balance of data•
** Temperature did not track program.
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APPENDIX IV

Tablulated Results
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TABLE A4.1 - Sununary of the quantitative metallography on
the screening welds. Point counts were made on forty 500x
fields, 25 points/field, 1000 points total. Intercept
counts were made with a 150mm diameter count circle on 82+
1600x fields.

phase/weld HQ31 HQ31TB HQ51 flQSlTB HN31 HN31TB HN51 HN51TB

Acicular a

95%
94.9

±1.4

94.7

±1.4
93.7

±1.5
89.5

±1.9

88.1

±2.0

92.7

±1.6

91.6

±1.7
95.6

±1.3

Grain Bndry a
95%

4.6

±1.3
4.3

±1.3
5.4

±1.4
8.5

±1.7
3.5

±1.1

0.6

±0.5

5.4

±1.4
0.8

±0.5

Polygonal a
95%

0.2

±0.3
0.5

±0.4
0.4

±0.4
0.5

±0.4
0.5

±0.4
0.1

±0.2
0.4

±0.4
0.4

±0.4

Bainite
95% Cj,

- - - - 3.9

±1.2
5.5

±1.4
0.5

±0.4
1.7

±0.8

Widmanstatten a
95%

0.3

±0.3
0.5

±0.4
- 0.2

±0.3
4.0

±1.2
1.1

±0.6
2,1

±0.9
1.5

±0.7

a-Fe3C Aggregate
95%

- - 0.5

±0.4
1.3

±0.7

- - - -

Mean Intercept
(microns)

95% C-

(microns)

90% C.

(microns)

1.670 1.593 1.962 1.831 2.025 1.902 1.975 2.046

+ .034
-.033

+ .027
-.026

+ .028

-.027

+ .023
-.022

+ .042
-.041

+ .035
-.034

+ .039
-.038

+ .032
-.031

+ .040

-.038

+ .033
-.032

+ .035
-.033

+ .029
-.029

+ .044
-.042

+ .037
-.036

+ .042
-.040

+ .034

-.033

Ninety-five percent confidence limits on point count means are ± 1.96 * S
S  = ( f * (1 - f))0.5 as estimated by Gladman and Woodhead, where f is ?he
volume fraction measured and n is the total points counted.
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Observed Radial Dilatometry
Curve Types
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FIGURE A4.1 - Schematic diagram illustrating the three
charateristic AD vs temperature traces obtained for radial
dilatometry on the Gleeble 1500. The numbered curves are
referenced

A4.7.

in the "curve type" column of Tables A4,2 to



TABLE A4.2 - Summary of radial dilatometry on heating for 5MJ/m, C-Mn-Mo+Ti,B
wire on Q&T C-Mn-Mo-Nb plate weld metal. All samples were 0,25 inch (6.35mm)
diameter rod unless otherwise indicated.

Heating Free Transformation Curve Thermo C-Strain Peak
Sample Rate

°C/s
Span
mm

Temperature

^C1 ^C3 ^RT
Type couple Fixture Tgmp

HQ5L0.1^ 0.1 32 723 902 995 1 K W 1200
HQ5L0.3 0.3 32 729 893 1023 2 K W 1200
HQ5L1 1 32 729 890 1040 2 K W 1200
HQ5L3E3 3 13 720 920 1060 1 R w 1350

HQ5L10 10 19 732 888 1065 2 R 1350
HQ5L20E100 20 19 710 898 1105 2 R — 1350
HQ5L20E3 20 11 715 893 1087 2 R w 1350
HQ5L30E50 30 19 734 889 1115 2 R - 1350

HQ5L50E30^ 50 19 762 935 1137 2 R 1350
HQ5L100E20. 100 19 747 939 1162 2 R — 1350
HQ5L200E10^ 200 13 675 880 1136 2 R W 1350

1- Argon cover ran out at approximately 990°C.
2- Temperature unstable during heating.
3- C-Strain Fixture (radial dilatometer) not centered.

I
(jJ

U1

K>



TABLE A4.3 - Summary of radial dilatometry on heating for 5M3/m, Mn-Ni-Mo wire
on A710 plate weld metal. All samples were 0.25 inch (6.35mm) diameter rod
unless otherwise indicated.

H3
I
OJ

M

oi

Heating Free Transformation Curve Therroo- C-Strain Peak
Sample Rate

°C/s
Span
mm

Temperature

^C1 ^03
, °c
^RT

Type couple Fixture Tgmp

HNSLO.lJ 0.1 25 707 887 987 2 K W 1200

HN5L0-3^ 0.3 32 743 893 995 2 K W 1200

HNSLl^ 1 32 734 894 1008 2 K w 1200
HN5L3E3 3.0 13 723 892 1045 2 R w 1350

HN5L10E200

HN5L202
10 19 705 867 1055 2 R - 1350

20 11 690 887 - 2 R w 1350
HN5L20E100 20 19 717 930 1095 1 R - 1350
HN5L30E30 30 19 735 920 1105 1 R - 1350

HN5L50E50 50 19 737 908 1115 1 R 1350

HN5L100E20 100 19 7 83 917 1160 2 R - 1350

HN5L200E10 200 19 763 918 1125 2 R - 1350

1- 25mro reduced section, 4.6mm diameter.
2- C-Strain fixture sliding at 1000®C, thermocouple short at 1350°C.
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TABLE A4.4 - Summary of radial dilatometry on heating for Ti + B doped, 5MJ/ro,
Mn-Ni~Mo wire on A710 plate weld metal. All samples were 0.25 inch (6.35mm)
diameter rod unless otherwise indicated.

Heating Free Transformation Curve Thermo- C-Strain Peak
Sample Rate Span Temperature Type couple Fixture Temp

°C/s mm \l ^C1 ^RT °C

HNSTBLO.lJ 0.1 25 755 896 1032 2 K W 1200
HN5TBL0.3^ 0.3 32 732 893 990 2 K W 1200
HN5TBL1 1 NR 732 893 1043 2 K W 1200
HN5TBL3-^ 3 32 737 875 1110 2 K W 1200

HN5TBL3E3^ 3 17 807 893 1077 2 R W 1350
HN5TBL10E200 10 19 728 896 1125 2 R - 1350
HN5TBL20E100 20 19 724 903 1144 2 R — 1350
HN5TBL30E50 30 19 730 923 1200 1 R - 1350

HN5TBL50E30 50 19 750 905 1170 1 R 1350
HN5TBL100E20- 100 19 777 928 1236 2 R — 1350
HN5TBL200E10'^ 200 19 757 906 1205 ? R - 1350

1- 25mm reduced section to 4.4mm diam.
2- 17mm reduced section to 4.4mm diam.
3- High temperature end of program disrupted.
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TABLE A4.5 - Summary of radial dilatometry on heating for Ti + B doped. 3MJ/m
Mn-Ni-Mo wire on A710 plate weld metal. All 1samples were 0.25 inch (6.35mm)
diameter rod with a 25mm reduced section of 4.4mm diam. unless otherwise
indicated.

Heating Free Transformation Curve Thermo C--Strain Peak

Sample gate Span Temperature r "C Type couple Fixture Temp
°C/s mm ^C1 ^C3 ^RT

HN3TBL0.1 0.1 25 732 887 997 2 K W 1200

HN3TBL0.3 0.3 32 730 900 1030 2 K W 1200

HN3TBL1 1 32 695 900 1050 2 K W 1200

HN3TBL3E100 3 25 807 890 1092 2 R W 1350

HN3TBL10E200 10 27 756 890 1144 2 R 1350

HN3TBL20E20 20 25 743 894 1105 2 R w 1350

HN3TBL20E10 20 25 680 887 1170 2 R w 1350

HN3TBL50 50 NR 725 858 1132 2 R — 1350

HN3TBL50E50 50 25 725 890 1202 2 R w 1350
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TABLE A4.6 - Summary of radial dilatometry on heating for AISI 1018 steel.
The cold rolled rod was pretreated prior to testing. The pretreatment was
heating at 10 C/s to 1200^C for 120Sj followed by an exponential cool
(At0.g-5Os). All samples were 0.25 inch (6.35mm) diameter rod.

Heating Free Transformation Curve Thermo C-Strain Peak

Sample Rate Span Temperature, "c Type couple Fixture Temp
°C/s mm ^C1 ^C3 ^RT

1018L0.3 0.3 38 728 848 — 3 K W 1200
1018L1 1 38 733 856 - 3 K W 1200

1018L3 3 38 738 863 - 3 K W 1200

1018L10 10 38 747 873 — 3 K W 1200

1018L20 20 38 744 884 — 3 K w 1200
1018L50 50 38 730 891 - 3 K w 1200
1018L200 200 38 747 906 - 3 K w 1200
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TABLE A4.7 - Summary of radial dilatometry on heating for the Q&T C-Mn-Mo-Nb
plate. All samples were 0.25 inch (6.B5mm) diameter rod.

Heating Free Transformation Curve Thermo C-Strain Peak

Sample Rate

®C/s
Span
mm

Temperature,

^C1 ^CB ^RT
Type couple Fixture Tgmp

QuestLO.3 O.B 26 7B2 882 B K W 1200

QuestLl 1 26 695 888 B K W 1200
QuestLB B 26 738 855 B K W 1200
QuestLlO 10 26 747 864 B K W 1200

QuestLBO BO 26 747 882 B K W 1200

QuestLlOO 100 26 748 865 B K W 1200
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TABLE A4.8 - Summary of quantitative matallography and
hardness (DPHcqq ) for the C-Mn-Mo-Nb weld metal heated at
50°C/s to various peak temperatures and water quenched to
room temperature. The martensite volume fraction was
determined from 200 point counts on a 500x micrograph taken
immediately below the Gleeble control thermocouple.
Hardness values are an average of five values. The 95
percent confidence limit on the mean, 95% C., is reported
for volume percent martensite and hardness.

Peak

Sample Temp. Martensite Hardness

®C Vol % 95%Cj^ DPH 95%C

HQ5L50P730WQ 730 7.5 ±0.7 260 ±6
HQ5L50P795WQ 795 26.5 6.1 273 7

HQ5L50P835WQ 835 50.5 6.9 310 5

HQ5L50P890WQ 890 87.0 4.7 3 90 6

HQ5L50P975WQ 975 100 397 3

HQ5L50P1020WQ 1020 100 - 390 3

HQ5L50P1105WQ 1105 100 - 390 6

HQ5L50P1150WQa 1150 100 — 388 3

HQ5L50P1150WQb 1150 100 — 382 8

HQ5L50P1240WQ 1240 100 - 380 6

HQ5L50P1350WQ 1350 100 - 364 10

Test Block 488 20
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TABLE A4.9 - Summary of dilatometry and Charpy test data for reheat zone
simulation on the SMJ/m^ C-Mn-Mo+Ti,B wire on Q&T C-Mn-Mo-Nb plate weld metal.
All samples are 90mmy 5x10mm bars subsequently notched a sized for Charpy
testing.

Heating Peak Transformation Temperature, -AD/D at Absorbed Percent
Sample Temp Heating Cooling Peak Temp. Energy Shear DPH

C/ 8 '^Cl Start Finish xio' ft/lb 500g

HQ5P670 8.4 673 - - - - - 0.0 11.0 25.4 212
HQ5P770 11.4 778 738 - - 7557? 7412? 0.8 5.5 13.3 240
HQ5P850 14.9 855 738 - - 773 477 7.0 7.25 10,3 242
HQ5P970 22.8 974 728 - - 725 459 0.3 6.5 2.9 213
HQ5P1100 38.5 1105 730 910 - 695 473 0.0 3.25 2.0 209
HQ5P1350 175 1350 760 937 1217 680 503 23.0 9.75 15,9 208

HQ5 AS WELDED 16.5 26.5 205
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TABLE A4,10 - Summary of dilatometry and Charpy test data for reheat zone
simulation on the 5MJ/m, Mn-Ni-Mo wire on A710 plate weld metal. All samples
are 90mm, 5x10mm bars subsequently notched a sized for Charpy testing.

Heating Peak Transformation Temperature, -AD/D at Absorbed Percent
Sample Temp Heating Cooling Peak Temp. Energy Shear DPH

®C/s ^C3 ^RT Start Finish xlO^ ft/lb 500g

HN5P670 8.4 672 - - - - - 0.0 17.0 26.3 265

HN5P770 11.4 770 732 - ~ 7568? ? 2.4 15.0 31.8 276

HN5P850 14.9 851 726 - - 656 430 5.4 12.25 20.7 252

HN5P970 22.8 971 731 895 - 640 422 1.4 8.0 13.5 262

HN5P1100 38.5 1108 727 915 - 665 448 0.0 9.5 3.6 247

HN5P1350 175 1350 818 996 1212 728 488 3.0 28.4 28.4 253

HNS AS WELDED 20.0 29.8 241

M
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TABLE A4.11 - Summary of dilatometry and Charpy test data for reheat zone
simulation on the Ti + B doped, 5MJ/m, Mn-Ni-Mo wire on A710 plate weld metal.
All samples are 90mm, 5x10mm bars subsequently notched a sized for Charpy
testing.

Heating Peak Transformation Temperature, -AD/D at Absorbed Percent

Sample Tgmp Heating Cooling Peak Temp. Energy Shear DPH

°C/s ^C3 ^RT Start Finish xlO^ ft/lb 500g

HN5TBP670 8.4 670 - - - 0.0 20.0 34.1 242

HN5TBP770 11.4 771 730 - - 510 282 2.0 13.0 30.5 256

HN5TBP850 14.9 <850> 718 - - 653 426 8.0 5.25 23.9 241

HN5TBP970 22.8 974 718 890 - 647 407 0.8 3.75 7.8 246

HN5TBP1100 38.5 1107 722 903 - 563 415 0.3 1.5 0,0 277

HN5TBP1350 175 1350 760 935 1220 608 - 12.0 11.0 31.4 238

HN5TB AS WBLDED 14.5 28.5 249

Brackets indicate the peak temperature was not recorded.
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TABLE A4.12 - Summary of dilatometry and Charpy test data for reheat zone
simulation on the Ti + B doped^ 3MJ/mr Mn-Ni-Mo wire on A710 plate weld metal.
All samples are 90mmy 5x10mm bars subsequently notched a sized for Charpy
testing.

Sample

HN3TBP670

HN3TBP770

HN3TBPB50

HN3TBP970

HN3TBP1100

HN3TBP1350

HN3TB

Heating
Rate

®C/s

12.8

16.9

22.8

33.6

47.5
175

Peak

Temp

675

780

858

973

1093

<1350>

AS WELDED

Transformation Temperature,
Heating Cooling

Start FinishXI X3 '^RT

-AD/D at
Peak Temp.

xlO^

Absorbed Percent
Energy Shear DPH
ft/lb 500g

- - - - 0.0 5.5 11.7 255
715 - 513 7415? 3.2 10.0 20.3 272
705 - 656 435 4.6 5.0 20.3 261
725 895 601 442 0.8 3.25 10.6 263
705 906 592 421 0.0 11.25 22.5 269
811 907 1180 - - 8.4 2.50 0.0 278

16.0 11.7 262

temperature was not recorded.
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Table A4.13 - Summary of 5x10mm Charpy bar test results for
the 5MJ/m C-Mn-Mo+Ti,B wire on Q&T C-Mn-Mo-Nb plate weld.

Reheat Test Absorbed Percent

Temperature Temperature Energy Shear

C oc ftlb comparison

-121 3.0 0

-94 16.5 10

-75 28.0 70

As Welded -62 45.5 90

-47 48.0 97

0 52.0 100

45 54.0 100

-94 7.25 1

-70 12.5 10

850 -50 30.5 60

-30 41.0 100

0 52.0 100

-94 6.5 0

-70 13.0 10

970 -50 20.0 20

-30 31.5 65

-15 46.5 90

0 47.0 98

-94 3.25 0

-50 10.0 10

1110 -30 22.5 20

-15 42.0 85

0 51.5 97

-94 9.75 7

-70 16.0 20

1350 -50 34.0 75

-30 35.0 85

0 36.0 98
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FIGURE A4.2 - A summary of Charpy V-notch a) absorbed energy
and b) percent shear fracture vs temperature curves for as-
deposited and reheated 5MJ/m, C-Mn-Mo+Ti,B on Q&T C-Mn-Mo-Nb
weld metal.
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Table A4.11 - Summary of 5x10mm Charpy bar test results for
the 5MJ/m Mn-Ni-Mo wire on A710 plate weld.

Reheat

As Welded

850

970

1100

1350

Test Absorbed Percent

mperature Energy Shear
oc ftlb comparison

-118 8.0 2

-94 20.0 17

-74 23.5 30

-62 32.0 70

-46 35.5 85

-33 41.5 99

0 47.5 100

43 46.0 100

-94 12.5 10

-70 13.5 15

-50 27.0 65

-30 - 95

-30 32.0 80

0 44.5 100

-94 8.0 5

-70 19.0 15

-70 10.0 15

-50 21.0 30

-30 39.0 90

0 44.5 100

-94 9.0 0

-70 4.0 5

-50 25.0 15

-30 30.0 30

-15 36.5 85

0 49.5 100

-94 9.5 17

-70 17.0 35

-50 25.5 50

-30 39.0 90

0 33.0 98
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FIGURE A4.3 - A Summary of Charpy V-notch a) absorbed energy
and b) percent shear fracture vs temperature curves for as-
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Table A4.12 - Summary of 5x10mm Charpy bar test results for
the Ti + B doped, 5MJ/m, Mn-Ni-Mo wire on A710 plate weld.

Reheat

As Welded

970

1100

1350

Test Absorbed Percent

mperature Energy Shear
oc ftlb comparison

-120 10.0 5

-100 20.0 17

-94 14.5 10

-86 41.5 95

-80 17.0 15

-75 46.0 100

-68 46.0 100

-61 44.5 100

-50 37.5 95

0 47.5 100

-94 3.75 3

-50 6.75 15

-30 22.0 25

-15 36.0 95

0 37.0 96

-94 1.5 0

-50 26.0 60

-30 12.5 10

-15 31.5 80

0 50.0 100

-94 11.0 13

-50 25.0 60

-30 28.5 97

0 29.5 50
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Table A4.13 - Summary of 5x10mm Charpy bar test results for
the Ti + B doped, 3MJ/m, Mn-Ni-Mo wire on A710 plate weld.

Reheat

As Welded

Test Absorbed Percent

mperature Energy Shear

oc ftlb comparison

-118 3.0 0

-94 15.5 <5

-94 16.0 5

-77 44.0 97

-75 13.0 3

-62 18.5 15

-57 47.0 97

-47 45.0 100

-33 45.0 100

0 41.0 99




