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ABSTRACT

Research and development by users of heavy section forgings in the oil and gas industry has found deficiencies
in both strength and low temperature toughness in ASTM A 694 flanges. Microalloying, specifically with vanadium,
has been identified as a possible means of improving the strength and toughness combinations possible in these
products. Understanding the properties of heavy section forgings is complicated due to the thermal gradient across the
thickness of the forging during heat treatment, resulting in different microstructural features and different mechanical
properties developing at different locations in the forging. The goalo fthis research is to identify the possible causes of
low toughness and strength in this class of products by examining the through thickness microstructure and
mechanical properties of an alloy with similar chemical composition to those commonly used for heavy section
flanges. Samples with thermal profiles representing various positions of forgings were examined before and after
severaltempering treatments. Microstructural examination and precip itate characterization was performed to correlate
strength and toughness measurements to microstructural changes during tempering. The study revealed that the
conditions representative of fast post austenitizing cooling rates contained ferrite and martensite, with the martensite
becoming heavily tempered even after a relatively shorttempering treatment of 0.5 hour at 600 °C. Evidence of
cementite spheroidization emerged after the short tempering time. These samples possessed lowas-quenched
toughness and a gradual ductile to brittle transition; a significant increase in toughness was observed after tempering.
Tensile testing of the samples with fast post austenitizing cooling rates show roundhouse yielding in the as-quenched
state associated with the presence of martensite, and a subsequent increase in yield strength, yield point elongation,
and decreasein ultimate tensile strength after tempering. The samples representative of slower post austenitizing
cooling rates contained microstructures of ferrite and pearlite and showed resistance to tempering even after a
tempering treatment of 5 hours at 600 °C. Evidence of some breakdown of the pearlite lamellae was present during
tempering but the effect was not significant. Impact testing revealed low toughnessin the as-quenched state for
samples representing slow post austenitizing cooling rates and a sudden ductile to brittle transition temperature.
Tempering lowered the ductile to brittle transition temperature enough so thatall samples would pass the ASTM
standard for toughness specified for heavy section flanges. The results of tensile testing showed no appreciable effect
oftempering on the yield strength ortensile strength of samples representing slow post austenitizing cooling rates. The
length of the tempering treatment did not appear to have a significant effect on the yield or tensile strength of any of
the slow cooled samples. A tempering treatment of 0.5 hour at 600 °C did change the yield and tensile strength of the
samples representing fast post austenitizing cooling rates. The effect of tempering on the yield and tensile strength of
the fast cooled samples was not increased at longer tempering times. Tempering raised the impact toughness ofall
samples to levels that would pass industrial standards for toughness, where as many commercially produced forgings
areunable to meet these standards. The samp les used in this study were machined fromhotrolled bars and heat treated
whereas commercially produced flanges are often pierced billets that are then ring rolled. The toughness results in this
study suggest the possibility that forging reduction in commercially produced flanges is insufficient to produce the

amount of refinement needed to meet the strength and toughness requirements required by end users.
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CHAPTER I INTRODUCTION

This project details the effect of heat treatment on the toughness and mechanical properties of high strength
vanadium microalloyed steels used in heavy section forgings. The effect of vanadium microalloying on mechanical
properties is examined in addition to effects with respect to its precip itation characteristics. This project was motivated
by concern within industry that some heavy section forged pipeline flanges fail to meet minimum strength and
toughness standards through the cross section ofthe flange.

In order to determine the source of low toughness and strength in these steels, samples were heat treated to
represent various positions of quenched and tempered heavy section forgings. Microstructural analysis, Charpy
impact testing, tensile testing, hardness testing and transmission electron microscopy were performed to determine the
microstructural features leading to various mechanical properties of the samples and to determine the effect of
precipitation in the tested conditions. Vary ing tempering conditions were performed on selected samples to determine
if strength and toughness properties could be optimized in this material and to gage the effect of tempering on
vanadium precipitation.

The ultimate aims of this project are to provide end users of heavy section forgings a better understanding of
how the through thickness properties develop during quenching and tempering. The project also develops a better
understanding of vanadium microalloying in heavy section forgings with respectto its precipitation characteristics
during quenching and tempering and its effect on the strength and toughness.

There are three primary research objectives for this project, which focus on developing understanding the
properties of microalloyed forgings and improving the quality of heavy section forgings for industrial use:

e To discover the origin of low toughness in microalloyed quenched and tempered forgings.

e To evaluate the effect of vanadium microalloying on the through thickness properties of quenched
and tempered forgings

e To produce benchmarks to assistin improved material selection and processing parameters for

industrially produced flanges.



CHAPTER 2 LITERATURE REVIEW

2.1  Microalloyed Pipeline Flanges

The use of microalloying additions such as vanadium to forging steels is a growing practice with the aim of
increasing strength and reducing cost. However, the effects of microalloying additions in heavy section forging steels
during quenching and tempering are not well understood [1]. While many of the microalloyed steel grades today are
intended for controlled cooling processing, some are produced by the quench and temper method [2]. Understanding
how this processing route affects the properties and microstructural homogeneity of these steels, especially in heavy
section products, is a topic of great interest to microalloy steel users in the oil and gas industry [3]. The industry
demand for high strength steels that retain sufficient toughness fora variety of applications drives research to
understand more fully the effects of microalloying on microstructural evolution and mechanical properties.

Recent research on heavy section flanges for oil and gas applications has shown insufficient strength and
toughness performance in ASTM A694 forgings, shown schematically in Figure 2.1 [1, 3]. The results of this research
have identified an industry wide problem with flanges failing to meet the ASTM A 694 specification. Research by
Kramer et al. has shown through destructive testing of full sized flanges that the lack of strength and toughness in the
forgings appears in flanges produced by multiple forge shops [3]. These deficiencies are often not detected by the
manufacturer due to standards thatallow qualification of the flange mechanical properties based ona smaller

separately forged test piece from the same heat, which may notbe representative of the actual forging [1].

Ring Thickness (Tr)

A —
Tr/2 —
' Hub Thickness
(Th)
Radial Axial Th/2
Th/2 Tangential Ring Tangential Hub
Tangential . Th/2 Th/2
' Trf2
Figure 2.1 Schematic ofan ASTM A 694 forged flange used in the oil and gas industry, along with a variety of

common testlocations [3].

In addition to issues with the way ASTM A694 flange mechanical properties are qualified, work by Kramer

et al. as well as Nissan and Baker shows that the chemistry, size and processing of the current flange materials may be
2



insufficient to achieve standards for strength and toughness [1, 3]. Research on ASTM A694 flanges with chemistries
reported in Table 2.1 by Kramer et a/. show an inability to form microstructures that have sufficient strength to meet
the ASTM A694 standards. The flanges researched by Kramer ez al. were produced via quenching and tempering
using the parameters shown in Table 2.2. The researchers found that the initial quench after austenitization was not
sufficient to produce a significant quantity of martensite [3]. The large cross section of the flanges limits their cooling
rate and leads to a microstructure composed primarily of polygonal ferrite, pearlite and some upper bainite. Figure 2.2
shows light optical micrographs of the three flanges studied by Kramer et al. at a location close to the flange surface
where the cooling rate is fastest. Even in the areas of relatively high cooling rate shown in the micrographs in Figure
2.2, the microstructure still contains a large amount of polygonal ferrite and upper bainite. The low alloying of the
flanges leads to low hardenability, which also contributes to the lack of martensite in the flange microstructures.
Additional examination of macroetched cross sections ofthe flanges reveals that insufficient reduction ratios during
forging of the flanges lead to the presence of some as cast microstructural features, leading to a severe drop in
toughness. Figure 2.3 shows macroetched cross sections of one of the flanges studied by Kramer et al. with the traces
of'the as cast microstructure highlighted by arrows [3]. A typical macroetch ofa forged product will reveal forging
lines and segregation of alloying elements present in the etched surface. The cross section in Figure 2.3 contains some
faint lines from forging around the edge of the sample. The area indicated by the arrow in Figure 2.3 contains no
forging lines and a coarse grain structure, indicating limited forging reduction. The lack of forging reduction may have

led to insufficient grain refinement that contributed to low strength and toughnessin the flanges.

Table 2.1 — Measured Chemistry of Steel used by Kramer et al. [3].

wt pct C Mn Si Ni Cr Mo Ti \"
Flange A 0.16 1.17 022 0.11 0.05 0.02 <0.01 0.05
Flange B 0.16 124 021 0.07 0.13 0.02 <0.01 0.06
Flange C 0.19 130 023 0.01 0.04 001 <0.01 0.08

wtpet Al N S P Cu Nb CE
Flange A 003 0009 0009 001 025 <001 0435
Flange B 0.02 0007 0017 002 012 <001 0421
Flange C 003 0005 0.005 0013 002 <001 0435

Table 2.2 — Heat Treating Conditions of the Flanges Studied by Kramer ef al. [3].

Flange Flange Austenitizing  Austenitizing Quench Tempering  Tempering  Cooling
Diameter (in) Temperature Time (hr) Method Temperature  Time (hr) Method
O (WY
A 12 925 N/R N/R 600 N/R N/R
B 20 904 4.75 Water 550 5 Air
C 24 900 3 Water 625 6 Air




Figure 2.2 Micrographs from the near surface of the three flanges studied by Kramer et al. (a) Flange A, (b)
Flange B, and (c) Flange C, chemistries and processing conditions are given in Table 2.1 and Table
2.2 respectively [3].

Figure 2.3 Macroetched cross section of flange studied by Kramer et al. showing the presence of as cast
structure indicating insufficient forging reduction near arrow [3].
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The results of Charpy impact testing by Kramer et al. are shown in Figure 2.4. The results show the average
impact energies of all three flanges used in this study and are for four different orientations labeled in Figure 2.1. The
dotted line represents the minimum impact energy required by industry at -22 °C. All three of the flanges tested show
failure to meet the impact toughness requirement at some portion of their thickness, with Flange C failing through the

entire cross section.
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Figure 2.4 Average impact energy results for Charpy testing performed by Kramer et al. on the flanges listed in

Table 2.2 as (a) Flange A, (b) Flange B, and (c) Flange C. in the figure AH represents the flange
axial hub, TH represents the tangential hub, RR represents the radial ring and TR represents the
tangential ring. [3]

2.2 Precipitation of Vanadium in Austenite

Vanadium has a relatively high solubility in austenite compared to other microalloying elements . Figure 2.5
shows the solubility products of various microalloy carbides and nitrides in austenite as a function of temperature.
Titanium, aluminum and niobium nitride precipitation tends to precede the precipitation of vanadium nitride and
carbide [2]. Figure 2.5 also shows that vanadium precipitates form at relatively low temperatures indicating that the
driving force for VC precipitation in austenite will be low [4].

It has also been observed by Lagneborg et al. that vanadium will co-precipitate with niobium and titanium
forming cruciform titanium-vanadium or titanium-niobium carbonitrides as seen in Figure 2.6 [5]. The [Ti,VIN
precipitates typically havea titanium based core with the outer edges becoming more enriched in vanadium as the
temperature of the steel drops and the solubility of vanadium becomes lower. STEM EDX data showing the enriched
zones can be seen in Figure 2.7 where (a) shows the titanium enriched areas and (b) shows an overlay of the titanium
and vanadium enriched areas. Figure 2.7 shows that the outeredges contain most of the vanadium in the
precipitate [6]. Because ofthe typically large size of the [Ti,VIN precipitates, the strengthening effect from them is
expected to be small. Additionally, the co-precipitation of vanadium with titanium reduces the amount of vanadium

available for the formation of small precipitates, leading to a smaller strengthening effect [7].



Figure 2.5

Figure 2.6

Figure 2.7
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Solubility of various carbides and nitrides in austenite as a function of temperature [2].

100 nm

TEM bright field micrograph of a cruciform [Ti,VIN precipitate [6].

(a) (b)
EDX datafor a [Ti,VIN precipitate showing (a) Ti kq counts and (b) V ks and Ti kg counts [6].



Though co-precipitation is more common, independent VN precipitation also occurs in austenite. Increases in
VN precipitation in austenite may be observed after hot rolling, as a result of strain induced precipitation. Literature
shows that a rolling reduction of 40% creates a high enough dislocation density to provide nucleation sites for a large
number of VN precipitates in steels with high nitrogen content [4].
2.3 Precipitation of Vanadium in Ferrite

Vanadium has substantial potential for strengthening in microalloyed steels when precipitating in ferrite.
Vanadium has two primary precipitation modes in ferrite, interphase and random precipitation.

Interphase precipitation occurs by one of two mechanisms. The ledge mechanism proposed by
Honeycombe [8] or the solute diffusion mechanism proposed by Roberts [6]. Figure 2.8 shows interphase
precipitation in centered dark field TEM micrographs of a 1 wt pctV — 0.2 wt pct C steel [9]. Figure 2.8 shows the
formation of interphase precipitates at the y/a interface resulting in sheets of nanoscale precipitates. A distinguishing
characteristic of interphase precipitates is that at higher trans formation temperatures, the sheets of precipitates become
curved. At lower temperatures the sheets become more regularly spaced, the inter-particle spacing becomes smaller,

and the precipitate size becomes more refined as the temperature decreases [10].

Figure 2.8 Centered dark field image of interphase VC precipitation in a 1 wt pct V — 0.2 wt pct C steel [9].

Nitrogen content also significantly affects the intersheet spacing. Figure 2.9 shows that intersheet spacing
decreases with increasing N content due to the increased driving force for new precipitate formation rather than
precipitate coarsening. This can be explained based on modeling by Maugis and Gouné which shows that higher N
contents increase the nucleation rate for V precipitation substantially since the driving force for VN precipitation is
much greater than for VC precipitation [11].

Random precipitation usually occurs after the y=>a transformation when incomplete precipitation during
transformation leaves V supersaturated ferrite behind. This supersaturation provides the driving force for formation of
randomly spaced VICN] precipitates [12]. Nitrogen content also affects precipitate size and dispersion in random
precipitation. Precipitates in high N steels tend to be smaller and more densely dispersed than in low N steels [5]. This
is a result of the high driving force for precipitation of N rich V[C,N] particles leading to extensive nucleation and

substantial growth, creating V depleted zones which impinge on each other [6].
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Figure 2.9 Effect of nitrogen content on intersheet spacing during interphase precipitation. Isothermal austenite
transformation temperatures of 800 °C and 750 °C are shown for comparison [5].

Figure 2.10 presents precipitate diameter in ferrite versus steel aging time and shows that at higher N levels,
particle size is smaller than an equivalent steel with lower N for fixed aging conditions. This is a result of the particle
diameter being limited by V diffusion through depleted zones rather than the relatively faster diffusion of N.

Because of the substantially lower solubility of VN compared to VC, the precipitates formed at higher
temperatures are usually N rich. It is only when the N content falls below 0.005 wt pctthat the precipitates begin to
become enriched in carbon [12]. Figure 2.11 is a plot of the variation in carbon content of V[C,N] with varying N
levels for two different temperatures and shows a sharp increase in C contentin V[C,N] below 0.005 wt pct Nin a

0.10 C-0.12 V(wt pct) steel.
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Figure 2.10 Effects of nitrogen and aging time on random precipitate diameter in ferrite in an HSLA steel [S].
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Figure 2.11 Variation ofthe composition of V[C,N] at different levels of N. When the available N drops below

0.005 wt pct, C enrichment of V[IC,N] occurs [12].

2.4  Effects of Tempering on Vanadium Precipitation

Tempering in microalloyed steels is used to recover some toughnessideally with a minimum loss in yield
strength. Steels with Nb and V microalloying additions are known to have increased resistance to tempering when
compared to conventionally alloyed steels due to fine precipitates forming during tempering [13]. However, the low
solubility of Nb makes Nb precipitates less effective in resisting softening during tempering [13]. In the case of
vanadium microalloyed steels, tempering has also been observed to generate a secondary hardening effect. A
tempering study of vanadium microalloyed steels with fully martensitic microstructures from Tanino and Nishida
found significant secondary hardening in a range of temperatures from 550 to 650 °C in alloys containing
0.075 to 0.530 wt pct vanadium [14]. Figure 2.12 shows a summary of their secondary hardening data. In Figure 2.12
it is important to note that the steel containing no vanadium displays a continuous decrease in hardness with increasing
tempering temperature [14]. It is also important to note thatat vanadium levels below 0.11 wt pct no appreciable
hardening is observed, instead, a plateau in the hardness is apparent between 550 °C and 650 °C. Tanino and Nishida
ascribe the secondary hardening effect in the tempering range of 550 to 650 °C to the formation of fine vanadium
carbides that form at dislocations [14].

In a study by Giindiiz and Cochrane, secondary hardening was observed in a vanadium microalloyed steel
with composition shown in Table 2.3 [15]. The secondary hardening effect was seen after tempering for 100 minutes
at 600 °C for samples that were austenitized for 1 hourat 900 °C and air cooled at 1.39 °C/s. The HV 10 Vickers
hardness of these samples was 161+1.9 for the as-quenched samples and 190+2.4 for the tempered samples [15]. The
authors attribute this increase in hardness after tempering to the formation of VC or V4Cs precipitates forming after

tempering shown in the transmission electron microscope (TEM ) micrographs in Figure 2.13. These precipitates were



identified using energy dispersive x-ray spectroscopy (EDX) analysis of samples containing some of these precipitates

after tempering shown in Figure 2.14.
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Figure 2.12 Figure adapted from Tanino and Nishida showing the e ffect of tempering at various temperatures for
1 hour on Vickers hardness for varying levels of vanadium [14].

Table 2.3 - Chemistry of Steel Used by Giindiiz and Cochrane [15]

wtpet C Mn Si Ni Cr Mo v Al N S P Ti
0.14 141 040 0.05 0.03 0005 01 0.035 0017 003 0.02 <0.005

@) (b)

Figure 2.13 TEM micrographs adapted from Giindiiz and Cochrane showing (a) TEM bright field image of
vanadiumprecipitates in aircooled and tempered samples and (b) TEM dark field image of the same
area [15].
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Figure 2.14 Figures adapted from Giindiiz and Cochrane showing (a) TEM bright field image of a vanadium

precipitate and (b) EDX spectrum associated with the precipitate [15].

2.5  Effect of Vanadium Precipitation on Mechanical Properties

The ability of V to form finely dispersed precipitates in the matrix is the origin of the most potent
strengthening effects. The composition of these precipitates and the levels of both C and N presentin the vanadium
carbonitrides (V[C,N]) have been found to have a substantial impact on strengthening. Figure 2.15 shows the effect of
nitrogen on the strengthening seen in three V containing steels. Zajac et al. find precipitation of carbonitrides to

increase strength by 5 MPa for every 0.001 wt pct N [7].
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Figure 2.15 Effect of N onyield strength of steels with varying levels of V and C [7].

The increase in strength at higher nitrogen contents is a result of decreasing inter-particle spacing. The

greatest strengthening effect from vanadium precipitation occurs when inter-particle spacing is minimized, resulting
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in more instances of the Orowan bowing strengthening mechanism [5]. Higher nitrogen contents decrease
inter-particle spacing by increasing the driving force for VN nucleation, resulting in increased precipitation
strengthening at higher nitrogen contents [5].

Carbon content also has a significant effect on vanadium precipitation and precipitation strengthening. The
mechanism by which carbon aids in precipitation strengthening is different from nitrogen. The high solubility of VC
and lower driving force for nucleation mean that VC precipitation is less likely to be the main source of strengthening
low carbon steels. However, carbon help to stabilize austenite to a lower y/a transformation temperature. Stabilizing
austenite to lower temperatures delays the vanadium solubility drop that occurs during the y/a transformation,
resulting in finer VN and VIC,N] precipitation [5].

Some precipitates may adversely affect impact toughness. TiN precipitates may promote fracture in
microalloyed steels as their early formation tends to lead to coarse precipitates which can act as cleavage nucleation
sites [16]. However, toughness can also suffer as a result of precipitation strengthening and equations have been

developed to estimate the effect of precipitation strengthening on the impact transition temperature [6]
54 JITT (C°) = 192t° — 10 - 1d~° + K (op + 0,) — 23

where ITT is the impact transition temperature in °C, t is cementite thickness, d is ferrite grain diameter, K is the
embrittlement vector constant, oy is the strengthening from dispersion and o4 is the strengthening from dislocations.
From the above equation, it can be seen that a greater degree of precipitation strengthening increases the impact
transition temperature resulting in a decrease in low temperature toughness.
2.6  Previous Work

Research on the effect of heat treatment on low carbon vanadium microalloyed forging steels for pipeline
flanges was begun by Dr. Radhakanta Rana at the Advanced Steel Processing and Products Research
Center (ASPPRC) [2]. The work of Dr. Rana focused on the impact properties and microstructure of a steel with
chemistry listed in Table 2.4 austenitized at 900 °C for 30 minutes, cooled at the rates shown in Figure 2.16 as well as
after a subsequent tempering treatment at 600 °C for 1 hr. This thesis was based on the initial work of Dr. Rana and
shares the same sample cooling conditions, heat treating procedure and impact testing procedure. A more detailed
description of the sample conditions examined by Dr. Rana will be discussed in section 3.1 and section 3.2 of this

document, and the cooling profiles used can be found in Figure 2.16.

Table 2.4 - Chemistry of Steel use by Dr. Rana in Previous Work.

wt pct C Mn Si Ni Cr Mo Ti Nb v
Low C, V Steel 0.11 155 049 007 0.1 0.07 0.005 0.002 0.061

wt pct Al N S P Cu Sn o
Low C, V Steel 0.003 0.0095 0.013 0.011 0.14 0.006 0.0028
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Figure 2.16 Cooling rates representative of (a) a 5 in (12.7 cm) cube of steelcooled in forced air (b) a

5in (12.7 cm) cube of steel cooled in water (c) a 10 in (25.4 cm) cube of steel cooled in
forced air and (d) a 10 in (25.4 cm) cube of steel cooled in water. [17]

Impact properties and microstructures ofsamples heat treated to represent the cooling rates of 5 in (12.7 cm)
and 10 in (25.4 cm) cubes of steel quenched in water and forced air at their center, surface and quarter thickness
locations were examined. The sample designation nomenclature used previously was also used in the main portion of
this thesis; a full exp lanation of the sample nomenclature will be presented in section 3.4 . A summary of the previous

findings is reviewed here.

2.6.1  Microstructural Observations

Microstructural examination ofthe air cooled conditions revealed a microstructure comprised of ferrite and
pearlite. Examples of the air cooled microstructures are shown in Figure 2.17. It was noted that pearlite and cementite
appeared to be concentrated at the grain boundaries in the samples representative of the air cooled 5 in (12.7 cm) cube

samples whereas the same constituents appearin bands in the air cooled 10 in (25.4 cm) cube samples as shown in
13



Figure 2.17 (a) and Figure 2.17 (b) [18]. After tempering, the pearlite in the air cooled samples undergo
spheroidization and the cementite constituents concentrate to the ferrite grain boundaries [18]. Microstructures of the

air cooled samples after tempering are shown in Figure 2.18. The tempered samples show a breakdown of the pearlite

lamellae and formation of larger cementite particles.

Figure 2.17 Micrographs of samp les representative of (a) the centerofa 5 in (12.7 cm) cube and (b) the center of
a 10 in (25.4 cm) cube after air cooling. Also shown are SEM micrographs showing high
magnification images of the microstructural constituents of samples representing the (c) center ofa
5in (12.7 cm) cubeand (d) the centerof a 10 in (25.4 cm) cube after air cooling [18].
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Figure 2.18 Micrographs of samp les representative of (a) the centerofa 5 in (12.7 cm) cube and (b) the center of
a 10 in (25.4 cm) cube after air cooling and tempering. Also shown are SEM micrographs showing
high magnification images of the microstructural constituents of samples representing the (c) center
ofa 5in (12.7 cm) cube and (d) the center of a 10 in (25.4 cm) cube after air cooling and

tempering [18].

The microstructures of the water quenched samples investigated are shown in Figure 2.19. They contain
polygonal ferrite as the majority constituent with acicular ferrite and coarse martensite as secondary constituents. The
presence of martensite islands is noted in Figure 2.19. After tempering of the water quenched samples, carbides are
apparent in the tempered martensitic areas. Microstructures of the tempered water quenched samples are shown

in Figure 2.20.
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Figure 2.19 High magnification FESEM micrographs representative ofa 5 in (12.7 cm) cube of steel quenched
in water in the (a) surface location, (b) quarter thickness location, (c) center location, and (d) the
center ofa 10 in (25.4 cm) cube of steel quenched in water [18].
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Figure 2.20 High magnification FESEM micrographs representativeofa 5 in (12.7 cm) cube of steel quenched
in water and then tempered in the (a) surface location, (b) quarter thickness location, (c) center
location, and (d) the center ofa 10 in (25.4 cm) cube of steel quenched in water and then tempered
at 600 °C for 1 hour [18].

2.7  Toughness Properties

Charpy impact testing was performed in previous work at a range of temperatures in order to develop ductile
to brittle transition temperature (DBTT) curves for all of the sample conditions examined except those representative
of'the center ofa 5 in (12.7 cm) cube of steelcooled in forced air in the as-quenched state and after tempering. The
DBTT curves for the examined conditions are depicted in Figure 2.21 and show the curves for the as-quenched

condition as well as the tempered state for each condition on the same figure.
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Figure 2.21 DBTT curves for a 5 in (12.7 cm) cube of steel both as-quenched and tempered in the (a) surface

location, (b) quarter thickness location, (c) center location, (d) the center of a 10 in (25.4 cm) cube
of steel as-quenched and tempered, and (e) the center ofa 10 in (25.4 cm) cube of steel in the center
location quenched in air and tempered. The filled markers in each graph represent the tempered
condition and the hollow markers represent the as-quenched condition [18].

The DBTT curves in Figure 2.21 showa significant increase in toughness aftertempering in the water

quenched samples. Dr. Rana attributed this increase in toughness to the tempering of martensitic constituents in the
18



microstructures [18]. Spheroidization of the cementite in the water quenched samples after tempering also contributed
to the increase in toughness [18]. Spheroidization of pearlite was also believed to contribute to the increase in
toughness aftertempering in the samples that contained pearlite. The air quenched sample condition showed a much
smaller increase in toughness aftertempering and a much sharper DBTT than the water quenched samples.

In addition to the DBTT curves,the 100 J transition temperatures and -46 °C impact energy for the samples
tested are shown in Figure 2.22. The 100 J transition temperature was chosen as a reasonable metric for the
comparison of the performance of the various samples before and after tempering. The -46 °C impact energy was also

plotted and is shown in Figure 2.22 (b) [18].
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Figure 2.22 Plots of the (a) 100 J transition temperatures and (b) -46 °C impact energies for the sample

conditions tested in previous work [18]. (Figures adapted from databy Radhakanta Rana)

The datain Figure 2.22 (a) showthat the 100 J transition temperature decreases aftertempering forallsample
conditions. The slight decrease in transition temperature after tempering in the air quenched condition corresponds to
the overall small effect of tempering onthe air quenched sample condition, due in part to the already soft and coarse
microstructure in the as cooled state [18]. The 100 J transition temperature generally increased with decreasing
post-austenitization cooling rate, except in the case of the air quenched 10 inch sample condition. It should be noted
thatin many ofthe sample conditions the 100 J transition temperature falls on either the uppershelf or lower shelf
such that the 100 J transition temperature may not be accurately representative of the ductile to brittle transition in the
sample.

A trough with respectto toughness can be seen in Figure 2.22 (b) with a minimum in the 5-WQ-C samples.
The trend shows a decrease in toughness with slower post-austenitizing cooling rate for the 5 in (12.7 cm) samples,
transitioning into an increase in toughness with slower post-austenitizing cooling rate for the 10 in (25.4 cm)
samples [18]. Allsample conditions tested showed a significant increase in -46 °C impact energy aftertempering. This

increase in toughness is attributed to the high tempering temperature of 600 °C allowing the reduction of strain in the
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ferrite grains as well as the spheroidization and tempering of cementite and martensitic components respectively in the
microstructures [18].

Hardness testing revealed relatively small changes in hardness in the samples after tempering. Figure 2.23
showthe Rockwell B hardness values before and after tempering for all of the sample conditions tested [18]. The
hardness datashows very little change in hardness after tempering for all of the samples examined. Three possible
explanations were given to explain the limited change in hardness aftertempering. The firstis that the ferrite grain size
was essentially unchanged between the samples after tempering, so no hardness losses from grain growth occurred.
The second explanation states that since the amount of martensite in the water quenched samples was s mall, only small
changes in hardness would be expected fromthe tempering of the martensite components. The third exp lanation states
that since there should be some vanadium in solution after quenching, secondary hardening due to vanadium
precipitation may be occurring that offsets the softening due to tempering [ 18]. The possibility and nature of vanadium

precipitation is examined in greater detail in the results section of this document.
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Figure 2.23 Rockwell B hardness values for the sample conditions tested by Radhakanta Rana in the

as-quenched and tempered state [18].
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CHAPTER 3 EXPERIMENTAL METHODS

3.1  Material

In order to best understand the role of vanadium precipitation in heavy section forgings, a steel was selected
with vanadium as the primary microalloying addition. The amount of aluminum in the steel was also limited in order
to provide the maximum amount of free nitrogen available for precipitation with the vanadium. A steel with chemistry
given in Table 3.1 and provided by Gerdau was chosen for this study. The original material was delivered as
50.8 mm (2 in) bars. It is important to note that the material used in this study comes from rolled bars rather than
forged billets. The rolling procedure eliminates the presence ofany as cast microstructural features that may be present

in larger forgings with insufficient reduction.

Table 3.1 — Chemistry of Steel used in this Study and by Radhakanta Rana in Previous Work.

wt pct C Mn Si Ni Cr Mo Ti Nb v
Low C, V Steel 0.11 155 049 007 0.1 0.07 0.005 0.002 0.061

wt pct Al N S P Cu Sn o
Low C, V Steel 0.003 0.0095 0.013 0.011 0.14 0.006 0.0028

3.2  Experimental Conditions

Thermal profiles were used in a study by Radhakanta Rana to represent cooling rates of 5 in (12.7 cm),

10 in (25.4 cm), and 20 in (50.8 cm) cubes of steel cooled in still water and forced air. The cooling profiles were
generated by Caterpillar Inc. using Abaqus® modeling software and are shown in Figure 2.16 [17]. The cooling
profiles were validated by comparing the results of the Abaqus® simulation for the surface, quarter and center
thickness ofa 5 in (12.7 cm) cube of steel to the actual cooling rates of the surface, quarter and center thicknesses ofa
51in (12.7 cm) cube of steel cooled in forced air and in water.

The calculated thermal profiles were used to heat treat samples representative of different thicknesses and
thickness positions of heavy section forgings during the process of heat treatment. All sample blanks except the
samples representative of the centerof a 10 in (25.4 cm) cube of steelcooled in forced air (10-FAQ-C) were heat
treated in the Gleeble® 3500 at the Colorado School of Mines. The sample blanks were 11 mm x 11 mm x 90 mm
rectangular Gleeble specimens shown in Figure 3.1, machined fromthe original 50.8 mm (2 in) bar stock provided by
Gerdau as shown in Figure 3.1 [18]. The 10-FAQ-C samples had a cooling profile slow enough that they could be heat
treated and cooled in box furnaces rather than the Gleeble.

For the purpose of this study as well as the previous work, the sample designation scheme is as follows. The
first number represents the size of a steel cube that the cooling data were taken from (5 for a five inch cube and 10 for
a ten inch cube). The second set of characters represents the cooling method (WQ for water quenched and FAQ for
forced air quenched). The third character represents the location fromthe block that the sample was taken from (S for

surface, Q for quarter thickness, and C for center). As an example, a designation of 5-WQ-Q represents asample that
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represents the cooling profile of the quarter thickness of a water quenched five inch cube of steel as shown in

Figure 2.16.

As-received Rolled Bar

50.8 mm

(I):

(b)

Figure 3.1 Figures showing (a) orientation of sample blanks axially along original bar stock and (b) orientation
of sample blanks axially along original bar stock. [18]

3.3  Selection of Thermal Profiles

For a more detailed examination of the mechanical properties, microstructures and precipitation
characteristics of the material used in this study, two of the thermal profiles were chosen from the ones previously
studied. Figure 3.2 shows the calculated cooling profile the cooling profile of the quarter thickness ofa 127 mm (5 in)
block of steel quenched in water and at the center of a 254 mm (10 in) block of steel that has been cooled in forced air.
These two cooling profiles are the focus of the current study and are examined in both the as-quenched state and after
several tempering treatments. These specific profiles were chosen for their extreme difference in postaustenitizing

cooling rate as well as the difference in toughnessaftertempering.
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Figure 3.2 Cooling profiles for the two sample conditions used in this study representing (a) the cooling rate

of'the quarter thickness of a 5 inch water quenched steelcube and (b) the cooling rate of the
center ofa 10 inch cube of steel quenched with forced air. X-Axis scale adjusted in each image to
showdetail. [17]
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34 Heat Treatments

All samples were heat treated at 900 °C for 30 minutes and allowed to cool according to the cooling profiles
in Figure 3.2. In order to accurately control the cooling rates necessary to obtain microstructures representative of
different thicknesses of forgings cooling at different rates, the Gleeble 3500 was used to heat treat all samples except
for the 10-FAQ-C condition. The Gleeble programs used to heat treat the 5-WQ-Q conditions are listed in
APPENDIX A. The 10-FAQ-C samples cooled at a slow enough rate that the samples could be heat treated in a box
furnace and allowed to furnace cool in order to obtain a cooling rate close to that predicted using Abaqu s® software.

Selected sample conditions were also examined after three tempering treatments listed in Table 3.2.

Tempering treatments were performed in stainless steelbags filled with argon to prevent oxidation and

decarburization.

Table 3.2 — Tempering Treatments used in this Study and Associated Sample Designations.

Designation Time (hr) Temperature (°C)
T 1 600
T2 0.5 600
T3 5 600

Additionally, a “T1”, “T2”, or “T3” designation is added to the normal sample name to indicate the sample
was tempered according to the treatments shown in Table 3.2. A designation of 5-WQ-Q-T3 represents a sample that

has been heat treated with the cooling profile of the quarter thickness of a five inch cube of steel that has been water

quenched and tempered at 600 °C for 5 hours.

3.5 Charpy Testing

Charpy testing was performed on the sample conditions listed in Table 3.3. Testing was performed on Charpy
V-notch specimens in accordance with the ASTM E23 standard for notched bar impact testing.

Table 3.3 — Matrix of Conditions Where Charpy Testing was Performed, An“X” Indicates a Tested Condition.

As-cooled T T> T3
5-WQ-S X X
5-WQ-Q X X X X
5-WQ-C X X
5-FAQ-C X X
10-FAQ-C X X X X
10-WQ-C X X

The specimen geometry was of the standard V-notch impact bar type with dimensions shown in Figure 3.3.
Specimens were machined from the rectangular bars shown in Figure 3.1 after Gleeble heat treatment. Because of the
thermal gradient resulting from Gleeble heat treatment, the V-notch was machined to coincide with the plane where

the temperature of the specimen was controlled as shown in Figure 3.3, ensures that a representative microstructure is

being tested.

23



AVA

___________ 1 l- Y
8 mm IO[“m |
i a1 el ‘

—= 10 mm p=— | _' - 55 mm - '-|

Center plane of interest

Figure 3.3 Charpy specimen geometry with plane of interest where temperature was controlled in the
Gleeble.

Charpy testing was performed in order to obtain ductile to brittle transition temperature curves for the tested
conditions. A combination of methanol, ethanol and liquid nitrogen was used in varying proportions as a heat transfer
medium in order to achieve specimen temperatures between 0 °C and -177° C. A box furnace with a thermal mass

made of steel was used for testing specimens requiring heating above the boiling point of water.

3.6  Fractography
Fractography was performed on the fractured Charpy specimens in order to determine the percentage of
brittle failure in the conditions tested. Images were obtained using a Nikon D70 camera with a Nikkor-S 50 mm lens

and bellows.

3.7  Tensile Testing
Tensile testing was performed to determine the tensile properties of the sample conditions tested. A suitable
tensile geometry and procedure was developed based on the limitations of'the specimen size and heat treatment

method used in this study.

3.7.1  Characterization of the Thermal Gradients

The small size of the Gleeble samples and the thermal gradient inherent to samples heat treated using the
Gleeble requires the use ofa sub size tensile geometry. A validation study was performed to ensure that the tensile
properties determined through the use of a sub size tensile geometry matched the tensile properties from the useof a
standard full size geometry. Figure 3.4 shows the thermal gradient present in a samp le heat treated using the Gleeble as
well as the temperature variation 0.24 in. (6 mm) and 0.35 in. (9 mm) from either side of the control thermocouple
during heat treating. Figure 3.4 shows that a temperature variation of 30 °C exists at a distance of 0.24 in (6 mm) from
the center thermocouple which controls the temperature, potentially limiting the amount of material available where
the microstructure is consistent. Based on this data a sub size tensile geometry shown in Figure 3.5 was chosen to
minimize the effect of the thermal gradient while still maximizing the gauge length to diameter ratio. This design was
based ona geometry used in the thesis work of Rothleutner involving tensile testing o f heat treated Gleeble

samples [19].
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Full size tensile samples used to compare against the results from the sub size samp les were machined based
on previous work by Taylor Jacobs shown in Figure 3.6 [20]. Of the four samples in the full size set, two samples were
tested in the as machined condition to act as controls and determine any effects fromthe non-standard geometry of the
sub size specimens. The remaining two full size tensile specimens were heat treated in box furnaces for 1 hour at
900 °C and air cooled. The thermal profile of the heat treated full size specimens was recorded using a thermocouple
logger and the profiles were programmed into the Gleeble in order to heat treat the sub size samples. The heat treated
sub size tensile samples were tested and the results were compared against the results from the full size samples to
determine the effect of the thermal gradient produced in the Gleeble on the resulting tensile properties. The full size
tensile samples were tested on an Instron screw driven tensile frame using a 1 in. (25.4 mm) extensometer. The sub
size tensile samples were tested on an MTS Alliance tensile frame using digital image correlation (DIC) rather than an

extensometer to measure the strain due to the small gauge section of the sub size samples.
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Figure 3.4 Heat treated Gleeble samples showing thermal gradient lines. (a) Heat treated samples marked with

location of thermocouples and (b) temperature variation at 6 mm and 9 mm from center of sample
where temperature is controlled.

25



= 23.2040,10

:
R6.75 —, 1
| 1240.10

(a) (b)
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Figure 3.6 Full size tensile geometry used in this study designed by Taylor Jacobs [20].

The tensile results for the validation testing are shown in Figure 3.7. The tensile curves for the sub size
specimens show similar yield strength and ultimate tensile strength to the full size specimens. The properties of the sub
size specimens begin to diverge from the properties of the full size specimens after the ultimate tensile strength is
reached and post-uniform elongation begins to occur, due to the differences in the gage section and neck geometry
development between the full size and sub size specimens. The results of the validation study show that the sub size
specimens are representative of the material properties of the sample conditions used in this study and are comparable
to full size tensile specimens up to the point of post-uniform elongation. Measurements of post-uniform elongation in

the sub size specimens should only be compared relative to other sub size specimens.
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Figure 3.7 Comparison oftensile properties obtained from full size specimens and sub size specimens for the

(a) as machined condition and (b) air cooled condition.

3.7.2  Tensile Testing of the Sub Size Specimens

Following validation of the use of sub size specimens, tensile testing was performed on specimens heat
treated in the 5-WQ-Q and 10-FA Q-C samp les in the as cooled state as well as after tempering treatments at 600 °C for
0.5hour, 1 hourand Shours. The testing was performed on the MTS A lliance tensile frame using a 20,000 Ib load cell.
The strain rate was set at 0.0059 cm/cnymin equivalent to a displacement rate of 0.0356 cnmymin for the sub size
samples with a reduced section length 0£2.32 cm.

Digital image correlation (DIC) was used to track the strain over the surface of the samples. DIC was used for
two reasons, the gauge section was small enough on the sub size samp les that DIC would be more effective than using
a strain gauge, and the use of DIC allowed for the detection of possible strain gradients resulting from uneven heat
treatment and thermal gradients from the Gleeble.

The DIC testing was conducted using an Allied Vision Technology camera with a macro lens and polarizing
filters attached to the lens. The setup of the equipment is shown in Figure 3.8, the components from right to left are a
camera light that provided the necessary illumination for the camera, a polarizing filmto reduce glare, the DIC camera

with lenses and filters, and the load frame with the specimen.
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Figure 3.8 DIC testsetup used in this study with labeled components.

The camera was linked to a lap top computer with Trilion Quality Systems (TQS) camera software, which
controlled the camera during the test. White spray paint was used to apply a speckle pattern to the tensile specimens
and the polarizing filters on the camera were adjusted to create the greatest amount of contrast while minimizing light
reflection fromthe steel sample surface as shown in Figure 3.9. The test on the load frame was started simultaneously

with the image capturing software and images were taken at a rate of 1 image per second.

Figure 3.9 Example image of DIC testspecimen during a test. The image represents abare steelsample with
white spray paint speckled on the surface, imaged through polarizing filters.

The images obtained from the DIC tensile tests were analyzed using ARAMIS digital image correlation
analysis software. Strain maps from the entire surface of the samples were examined to determine if unusualstrain
gradients were present from Gleeble processing. Examples of such strain maps for the sample in Figure 3.9 are shown
in Figure 3.10. ARAMIS was used to isolate the gage section for strain analysis such that the tensile results reported in

this study represent the strain measurements over the gage section only.
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Figure 3.10 Results from ARAMIS software for the sample in Figure 3.9 showing a map of major strain vectors
on theleft and two surface strain maps on the right.

3.8  Microstructural Characterization
Microstructural characterization was performed using light optical microscopy, scanning electron

microscopy, electron back scatter diffraction and transmission electron microscopy.

3.8.1  Metallographic Preparation

Metallographic samples were prepared for the sample conditions listed in Table 3.3. The metallographic
samples were created from heat treated sample blanks of the type shown in Figure 3.1. For sample conditions heat
treated using the Gleeble, metallographic examination was performed only on the center plane of the sample
transverse cross section where the temperature was controlled by the Gleeble. Samples were etched usinga 2 vol pct

nital solution (2 vol pct nitric acid in ethanol).

3.8.2  Scanning Electron Microscopy

Scanning electron microscopy was performed using a JEOL 7000 field emission scanning electron
microscope (FESEM) and a FEI Helios Nano Lab scanning electron microscope on metallographic samples etched
using a 2 vol pct nital solution. Micrographs were taken at varying magnifications for the samples in this study to
determine average ferrite grain size, microstructural constituents, and area fraction of ferrite. Scanning electron
microscope (SEM) images were used for grain size and area fraction measurements due to their higher resolution and
image quality compared to light optical microscope images. Better resolution was needed in order to obtain the grain
size and area fraction measurements because the size and distribution of the second phase constituents in the

microstructures of the samples made exact measurement difficult with light optical images.

3.8.3  Electron Back Scatter Diffraction
Electron Back Scatter Diffraction (EBSD) was used for microstructural phase identification in the 5-WQ-Q,

5-WQ-Q-T, 10-FAQ-C, and 10-FAQ-C-T samples. Samples were polishedto a I um finish with a diamond solution
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and the final polishing step was completed using 0.05 pm colloidal silica solution in a vibratory polisher. EBSD scans

were taken in several locations and magnifications in order to capture representative images of the microstructure.

3.8.4  Transmission Electron Microscopy

Carbon extraction replica films were produced for the 5-WQ-Q and 10-FAQ-C samples in the as-quenched
state and after the tempering treatments shown in Table 3.2. The films were created following the procedure used in
the Masterof Science thesis work of Julian Stock [21]. The replicas were produced by etching bulk steel samples in
5 wt pct nital for approximately 20 seconds to deeply etch the sample such that the steel matrix would dissolve around
the embedded carbonitrides as illustrated in Figure 3.11 (b). The Bakelite mounts were then covered with masking
tape so only the steel surface was uncovered. The samples were sputter coated with layers of carbon until a visible
brown film formed on the surface as seen in Figure 3.11 (c). The masking tape was removed and a razor blade was
used to score the sample surface into | mm square sections. The samples were then individually submerged in 5 wt pct
nital for approximately 15 minutes in order to etch away the top layer of steel matrix keeping the precipitates attached
to the steel sample shown in Figure 3.11 (d), fresh nital was used for each sample to prevent contamination of the
different sample conditions. The samples were then individually transferred into a bath of 50 wt pct methanol in
deionized water to loosen the film containing the precipitates. After the film became visibly loose, the sample was
transferred to a bath of deionized water where the films were floated off and transferred onto 200 mesh copper grids

with a 3 mm diameter.

Precipitates _
i After etching
(@) (b)
Carbon film ~ Second etch
_ _- =
(© (d)
Figure 3.11 Process of creating a carbon extraction replica film. (a) Starting steel sample, (b) sample

after first etch, (c) sample after application ofcarbon filmand (d) sample after finaletch,
ready to be floated onto copper grids.

The extraction replicas were examined in the CM 200 trans mission electron microscope in bright field mode
in order to determine the size of the precipitates and the differences in precipitation between tempering conditions. In
order to determine the precipitate size distributions in each condition, precipitates from multiple TEM images were
measured and analyzed. No fewer than two films from each experimental condition were examined and multiple
locations on each film were selected for analysis. Two diameter measurements were made on each precipitate in the

individual images. The diameter measurements for each precipitate were then averaged in order to obtain the final
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precipitate diameter. Large rectangular TiN precipitates were excluded from the precipitate analysis as they are not

expected to contribute to ferrite strengthening.

3.8.5 Grain Size Determination

The ferrite grain size was determined for all the conditions examined in this study. All of the microstructures
examined in this study contained a mixture of ferrite and secondary phases sothe ASTM E562 procedure for
determining phase volume fractions was used in conjunction with the ASTM E112 procedure for determining grain
size in order to obtain the actual ferrite grain size [22, 23]. A grid of at least 300 points was overlaid onto multiple
micrographs from each condition. The number of grid points intersecting ferrite was counted for each image and the
number of points falling within ferrite was divided by the total number of grid points to obtain the volume fraction of
ferrite in each condition [23]. To determine the ferrite grain size, three concentric circles of known circumference were
overlaid on each image. The number of ferrite grains intercepting a point on the test circles were counted and the
ferrite grain diameter was determined using the equation;

() * (o
dy=—"T"
N,

Where dq represents the ferrite grain diameter, f, represents the volume fraction of ferrite determined using the ASTM
E562 procedure, L is the total circumference of all ofthe test circles, M represents the magnification, and Ng

represents the number of ferrite grains [22].
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4.1

CHAPTER 4 RESULTS AND DISCUSSION

Hardness Results

Hardness testing was conducted after tempering of the 5-WQ-Q and 10-FAQ-C samples in order to

determine any secondary hardening effects from precipitation of vanadium carbonitrides during tempering. Table 4.1
shows both the Rockwell B hardness and Vickers hardness values of each of the samples in the as-quenched as well as

tempered conditions. Rockwell B hardness testing was performed to determine the bulk hardness ofthe samples and

Vickers hardness testing with a load of 30 kgf and indenting time of 10 s was used to compare to the trends in the

Rockwell hardness data. The hardness trends after the various tempering times are shown in Figure 4.1. Both the data
in Table 4.1 and trends in Figure 4.1 showa minimaldecrease in hardness aftertempering for the 10-FAQ-C condition

even at longer tempering times. The 5-WQ-Q samples show an initial decrease in hardness out to 1 hour of tempering

followed by a small increase in hardness after5 hours of tempering.

Table 4.1 — Hardness Data for all Sample Conditions in the as-Quenched State and after Tempering

Tempering Standard Standard
Sample Tim (HR) Rockwell Deviation Vickers Deviation
5-WQ-Q 0 95.1 1.1 260 6
5-WQ-Q-Ty 1 88.3 0.8 202 8
5-WQ-Q-T2 0.5 923 0.6 219 2
5-WQ-Q-T3 5 91.3 0.5 211 5
10-FAQ-C 0 81.7 0.2 169 7
10-FAQ-C-T 1 81.5 0.3 172 7
10-FAQ-C-T> 0.5 81.9 04 164 8
10-FAQ-C-T3 5 80.5 0.6 162 6
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Figure 4.1 Vickers microhardness (filled symbols) and Rockwell B bulk hardness (open symbols) as a

function of tempering time. Samples were tempered at 600 °C.
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4.2  Microstructural Characterization

Figure 4.2 shows SEM micrographs of'the 5-WQ-Q condition in the as-quenched state as well as after
tempering. The as-quenched microstructure of the 5-WQ-Q condition primarily contains ferrite and martensite,
labeled as “a” and “M” in the figure. Figure 4.3 shows a close up of the martensitic areas. These areas contain packets
of fine laths characteristic of “fresh” martensite. After the initial 600 °C treatment for one half of an hour, the
martensitic areas become tempered and iron carbide spheroidization occurs. The tempering effect continues at longer
tempering times resulting in a microstructure containing ferrite and spherodized carbides. Even though the
microstructure appears heavily tempered after 5 hours a small increase in the hardness is shown in Figure 4.1

indicating that secondary hardening from vanadium carbonitride precipitation may be occurring.

Figure 4.2 Scanning electron micrographs of the 5-WQ-Q microstructures in the (a) as-quenched condition,
(b) after 0.5 hours of tempering (5-WQ-Q-T2), (c) after 1 hour of tempering (5-WQ-Q-T1), and
(d) after 5 hours of tempering at 600 °C (5-WQ-Q-T3). Etched with 2 wt pct nital.
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Figure 4.3 Close up SEM micrograph showing the martensitic areas of the 5-WQ-Q sample condition.

Electron back scatterdiffraction (EBSD) was performed on the 5-WQ-Q and 5-WQ-Q-T; samples to verify
the microstructural constituents present. Figure 4.4 shows EBSD image quality maps overlaid with phase maps for the
5-WQ-Q and 5-W Q-Q-T: samples. The phase maps show good image quality in the areas containing ferrite grains due
to their low defect density. Martensitic areas are characterized by poor image quality due to the high concentration of
dislocations in those areas. After tempering at 600 °C for 1 hour, overall image quality has improved as a result of
dislocation annihilation. Small areas indexing as austenite were found in the 5-WQ-Q condition in the as-quenched
state. Figure 4.5 shows a close up of a scan containing areas that index as austenite adjacent to areas of low image

quality containing martensite.

(@) (b)

Figure 4.4 EBSD image quality maps overlaid with phase maps for the 5-WQ-Q and 5-WQ-Q-T: samples.
Color images show ferrite as green areas and austenite as red, dark areas show low image quality.
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Austenite

)

Figure 4.5 Close up EBSD image quality map overlaid with phase map for the 5-WQ-Q sample. Color images
show ferrite as green areas and austenite as red, dark areas showlow image quality.

SEM micrographs ofthe 10-FAQ-C condition in the as-quenched state as well as after the tempering
treatments are shown in Figure 4.6. The as-quenched microstructure of the 10-FAQ-C sample contains ferrite and
pearlite. Atextended tempering times, the pearlite lamellae begin to spheroidize. However, the spheroidization is
moderate even after the longest tempering treatment. The resistance of the pearlite lamellae to breakdown in the
10-FAQ-C conditions leads to the reduced effect of tempering on hardness observed in Figure 4.1. A secondary
hardening effect was not observed in the 10-FAQ-C condition due to the much slower post austenitization cooling rate
compared to the 5-WQ-Q condition. Slow cooling from the austenitizing temperature resulted in less vanadium in
solution before tempering, reducing the secondary hardening potential. The difference in the tempering response of
the pearlite in the 10-FA Q-C samp les compared to the martensite in the 5-WQ-Q samples resulted in the differences in
the hardness behaviorof the two conditions. The pearlite of the 10-FAQ-C conditions resisted tempering and
spheroidization of the lamellae was minimal even after 5 hours of tempering, resulting in a limited hardness change
with tempering time. The martensite in the 5-WQ-Q conditions changed significantly after one half hour of tempering
and continued to temper at longer times, resulting in the decrease in hardness in the 5-WQ-Q conditions seen in
Figure 4.1.

Figure 4.7 shows EBSD image quality maps overlaid with phase maps for the 10-FAQ-C and 10-FAQ-C-T;
samples. Pearlite lamellae are not shown in the scans performed on these samples as cementite could not be correctly
indexed in the EBSD software. The irregularity in the grain shapes shown in the scans in Figure 4.7 is a result of the
presence of pearlite colonies that are notreadily visible in the EBSD scan. The bulk of the microstructure contains

ferrite grains and no austenite was presentin these specimens.

35



Figure 4.6 Scanning electron micrographs of the 10-FAQ-C microstructures in the (a) as-quenched state,
(b) after 0.5 hours of tempering(10-FAQ-C-T2), (c) after 1 hour of tempering(10-FAQ-C-T1),
and (d) after 5 hours of tempering (10-FAQ-C-T3) at 600 °C. Etched with 2 wt pct nital.

(@) (b)

Figure 4.7 EBSD image quality maps overlaid with phase maps for the 10-FAQ-C and 10-FA Q-C-T1 samples.
Color images show ferrite as green areas; dark areas showlow image quality.
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Grain size measurements were conducted to determine if the hardness results in Figure 4.1 could be
correlated to any changes in grain size dueto tempering. Table 4.2 shows the ferrite grain size for the 5-WQ-Q and
10-FAQ-C conditions in the as-quenched state and after 1 hourof tempering at 600 °C. The results show that 1 hourof
tempering does not significantly change the grain size for eitherthe 5-WQ-Q or the 10-FAQ-C samples. This indicates
that the hardness changes in the 5-WQ-Q conditions are not due to substantial grain size changes and are more likely
caused by other microstructural changes and vanadium precipitation. Table 4.2 also displays the results of Vickers
testing of the ferrite ofthe 5-WQ-Q and 10-FAQ-C conditions in the as-quenched state and after 1 hour of tempering
at 600 °C. A dwell time of 10 seconds and aload of 25 grams was used so that individual grains could be indented. The
results do notreveal a significant difference in the ferrite grain hardness before and after tempering. The large
uncertainty in the hardness results is in part due to the Vickers indent not being small enough to avoid grain boundary

effects.

Table 4.2— Ferrite Grain Size Measurements for the 10-FAQ-C and 5-WQ-Q Conditions in the As-quenched State and
After One Hour of Tempering.

Sample 5-WQ-Q 5-WQ-Q-T: 10-FAQ-C 10-FAQ-C-T}
Grain size (um) 55+04 59+02 9.8+0.9 10.6+0.5

Ferrite Hardness

(Vickers) 246+13 233+14 186+10 180+10

4.3  Precipitate Analysis

In order to understand the hardness results with respect to vanadium carbonitride precipitation, TEM carbon
extraction replicas were prepared and examined to determine how the precipitate size distribution changes during
tempering. Figure 4.8 shows histograms with the precipitate size distribution for the 5-WQ-Q condition in the
as-quenched state and after the tempering treatments. The histograms are normalized as relative frequency and are
plotted on the same scale with a bin size of 1.5 nm.

The histograms in Figure 4.8 showan initially broad precipitate distribution. After the 0.5 hour tempering
treatment the distribution shows a peak in the fraction of precipitates approximately 12 nm in diameter. After the
1 hour and 5 hour tempering treatments, the peaks shift towards the left indicating the formation of new smaller
precipitates. The results ofthe hardness testing shown in Figure 4.1 corroborate the findings ofthe precipitate analysis.
The hardness increase after the 5 hourtempering treatment indicates additional precipitation is occurring during
tempering. The effect of increased precipitation on hardness is only observed at the longest tempering time after the
softening fromthe tempering of the martensite is likely completed. The precipitate peaks for the tempered samples are
shown superimposed on the as-quenched peakin Figure 4.8 (a), which demonstrates the left shifting behavior of the
precipitate distribution with longer tempering times.

Figure 4.9 shows histograms with the precipitate size distribution for the 10-FAQ-C condition in the
as-quenched state and after the tempering treatments, the peaks for the tempered samples are shown superimposed on

the as-quenched peak in Figure 4.9 (a). The histograms show that some coarsening occurs after the initial 0.5 hour
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tempering treatment, indicated by the broadened distribution of precipitates in Figure 4.9 (b), with larger precipitate

diameters compared to the distribution in Figure 4.9 (a).
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Further tempering shows a sudden occurrence of fine precipitate formation with diameters less than 5 nm

shown in Figure 4.9 (c). The distribution for the 1 hour tempering treatment appears to be bimodal with a secondary

peak occurring around 38 nm. This may also indicate that a ripening effect has started to occur, with some precipitates

shrinking to grow others. It is possible that previously larger precipitates reduced in diameter as a result of the ripening

process, contributing to the large peak in precipitates with diameters less than 5 nm. After the 5 hourtempering

treatment the mean of'the distribution moves right and becomes broader when compared to the 1 hour tempering



treatment. This broadening and shifting indicates the potential ripening process has progressed and most of the small
precipitates have been consumed to grow larger ones.

Though an increase in precipitation of particles with diameters less than 5 nm is observed after 1 hour of
tempering in the 10-FA Q-C condition, no appreciable increase in hardness is observed. No secondary hardening effect
is observed due to the 10-FAQ-C condition having a much slower post austenitizing cooling rate when compared to
the 5-WQ-Q condition. This results in a lower saturation of vanadium in the ferrite in the 10-FAQ-C condition before
tempering. As a result, there is not enough vanadium in solution to produce a significant number of precipitates to

create a hardening effect, even though small diameter precipitates are produced after the 1 hour tempering treatment.
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Figure 4.9 Histograms showing the precipitate size distributions for the 10-FAQ-C conditions in the (a)
as-quenched state and after (b) 0.5hour, (¢) 1 hour,and (d) 5 hours oftempering at 600 °C. (bin size:
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The PhD thesis of Charles Enloe also examined changes in precipitate distribution during various heat
treatment cycles for several different alloys. Enloe also found evidence ofthe development of a bimodal precipitate
distribution during soaking at elevated temperatures similar to the distributions found in Figure 4.9. In particular, it
was found that after a solutionizing treatment and subsequent aging, a bimodal precipitate distribution developed and
became more prominent with longer aging times as shown in Figure 4.10 [24]. The alloy and heat treatment used are
shown in Table 4.3 and Table 4.4 respectively [24] and the microstructure of the samples consisted of primary ferrite

and a ferrite-cementite microconstituent that was presumed to be bainite.
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Figure 4.10 Precipitate size distributions from Enloe for a steel with Mo and Nb additions subjecttoa
solutionizing heat treatment and subsequent aging step. Graphs shown represent the samples
in the (a) as quenched state after solutionizing, (b) after heating to the aging temperature and
quenching at a rate of 250 °C/minute (0 minute hold), and (c) after heating to the aging
temperature and holding for 60 minutes. (Bin size is 2 nm, each graph represents at least 300
precipitate counts) [24]
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Figure 4.10 (a) shows the precipitate distribution for the Nb and Mo microalloyed steel studied by Enloe after
solutionizing at 1250 °C for 10 minutes and quenching with helium. Like the as quenched 10-FAQ-C condition, the
distribution represents the undissolved precipitates formed during the initial solutionizing step. Figure 4.10 (b) shows
the precipitate distribution after reheating to an aging temperature, allowing further microalloy precipitation to occur.
The initial aging step by Enloe produced a similar distribution to the 10-FAQ-C condition after 1 hour of tempering.
Small precipitates are formed and others begin to coarsen as seen by the bimodal distribution in Figure 4.10 and
Figure 4.9 respectively. Enloe found that as the samples were further aged the distributions became increasingly
bimodal as seen between the sample aged for 0 minutes in Figure 4.10 (b) and the sample aged for 60 minutes in
Figure 4.10 (c), which shows an increasingly bimodal distribution, with the second peak becoming more
pronounced [24]. A similar effect is seen in the 10-FAQ-C condition with longer tempering times. In the 10-FAQ-C
condition the precipitate distribution becomes bimodal and then coarsens so that in the 5 hour condition the first
precipitate peak is nearly extinct and the second peak containing coarse precipitates is much larger. This is likely due

to further precipitate coarsening almost completely consuming the precipitates less than 10 nm.

Table 4.3 — Chemistry of Steel Used by Enloe for Solutionizing and Aging Heat Treatments. [24]

wt pct C Mn Si Ni Cr Mo Ti Nb V
MoINb 021 086 015 - 050 029 0.013 0.043 -

wt pct Al N S P Cu TN
Low C, V Steel 0.024 0.0078 0.014 0.007 0.14 1.7

Table 4.4 — Conditions Used to Heat Treat the MoLND Steel Used By Enloe Resulting in the Precipitate Distributions
Shown in Figure 4.10. [24]

Samol Solutionizing Solutionizing Ageing Ageing Quench
ample

Temperature (°C) Time (minutes) Temperature (°C) Time (minutes) Rate (°C/minute)
MoLNb 1250 10 1100 0,30,60 250

In order to understand the context of the precipitate results shown in Figure 4.8 and Figure 4.9, equilibrium
solubility calculations were made to calculate the amount of vanadium and nitrogen available for precipitation during
tempering. The equilibrium solubility equation used was of the formshown below, where [M] is the concentration of
vanadium, [N] is the concentration of nitrogen, A and B are thermodynamic constants,and Tis temperature in

Kelvin [11].

A
Log(IMP*IND=C)+B

Figure 4.11 (a) shows the solubility product plot for VN in austenite at 900 °C. The plot shows that at 900 °C

only 0.044 wt pct vanadium and 0.0049 wt pct nitrogen are in solution. This means that 0.017 wt pct vanadium
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remains undissolved as either VN precipitated in austenite or co-precipitated as complex Ti,V [C,N] precipitates.
Figure 4.11 (b) shows the equilibrium solubility of vanadium in ferrite at 600 °C and Figure 4.11 (c) shows the
equilibrium solubility of vanadium in ferrite at 600 °C. Under equilibrium conditions vanadium in solution is very
limited in ferrite, as VN and VC precipitation at 600 °C would consume most of the vanadium. The solubility plot in
Figure 4.11 (b) only shows the equilibrium state of the material system and does not show the effect of cooling rate on
the amount of vanadium expected in solution in ferrite. It is likely thatthe accelerated cooling rate of the 5-WQ-Q
conditions allow for the supersaturation of the ferrite with vanadium, increasing the driving force for fine vanadium
precipitation and allowing for more precipitation ferrite during tempering. The slow post austenitization cooling rate
ofthe 10-FAQ-C condition would notallow the same level of supersaturation and would result in a distribution of

vanadium in ferrite much closer to the equilibrium values,leaving less vanadium in solution for precipitation during

tempering.
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Examples of TEM carbon extraction replica films for the 5-WQ-Q and 10-FAQ-C conditions are shown in
Figure 4.12 and Figure 4.13. Interphase precipitation was not observed in any of the conditions. Titanium carbonitride
particles are presentas large rectangular particles that formed in austenite and were excluded from the precipitate
distributions in Figure 4.8 and Figure 4.9. The primary role of the titanium nitride precipitates is to control austenite
grain size and they are not expected to contribute significantly to strengthening in ferrite. The extraction replicas
shown in Figure 4.12 and Figure 4.13 show examples of the types of precipitates found on the films butdo not
necessarily show the relative amount of precipitation in each condition. The films for the 10-FAQ-C conditions in

Figure 4.6 contain particles of cementite which adhered to the film when the matrix was dissolved.

© ) @

Figure 4.12 TEM carbon extraction replica films for the 5-WQ-Q condition in the (a) as-quenched state and after
(b) 0.5 hours of tempering (c) 1 hour of tempering and (d) 5 hours of tempering.

4.4  Toughness Results

Toughness testing was performed on the 5-WQ-Q and 10-FAQ-C conditions after tempering at 600 °C for
0.5 hour and 5 hours, Charpy testing in the as-quenched state and after 1 hour of tempering at 600 °C was performed
previously by Dr. Rana [18]. The 5-WQ-Q samp les were heat treated in the Gleeble according to the regiment outlined

in section 3.4 The ductile to brittle transition temperature curves (DBTT) for the sample conditions are displayed in
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Figure 4.14 and Figure 4.16. In addition to the DBTT curves,the -46 °C impact energies for all of the sample
conditions are displayed graphically in Figure 4.17 and are shown together with Rockwell hardness results in

Table 4.6.

(©) (d)

Figure 4.13 TEM carbon extraction replica films for the 10-FAQ-C condition in the (a) as-quenched state and
after (b) 0.5 hours of tempering (c) 1 hourof tempering and (d) 5 hours of tempering

The DBTT curves for the 5-WQ-Q conditions shown in Figure 4.14 show a significant increase in toughness
after tempering for all tempering treatments. The ductile to brittle transition also becomes more abrupt after the 5 hour
tempering treatment, becoming a nearly vertical transition at -86 °C. Figure 4.17 shows that the 5-WQ-Q condition
experiences an increase in impact energy of approximately 122 J after the 0.5 hour tempering treatment, which
transitions into a more gradual increase in toughness afterlonger tempering times.

The improvement in toughness aftertempering in the 5-WQ-Q conditions is in part due to the tempering of
the martensite islands in the as-quenched 5-WQ-Q samples. Research by Li et al. shows a correlation between
increasing area fraction of martensite-austenite (MA) constituent and increased ductile to brittle transition

temperature [25]. Li ef al. examined four vanadium and niobium microalloyed steels shown in Table 4.5.
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Figure 4.14 DBTT curves for the 5-WQ-Q conditions in the as-quenched state and after tempering at 600 °C for

(a) 0.5 hour, (b) 1 hour, and (¢) 5 hours. (5-WQ-Q as-quenched and 5-WQ-Q-T; curves adapted
from Rana [18]).

The steels used by Li et al. were produced to represent the microstructures found in the intercritically
reheated coarse grain heat affected zone (IC CG HAZ) of welded materials and contain microstructures of ferrite,
pearlite and MA constituent. Figure 4.15 shows the results of impact testing on the IC CG HAZ samples and are
plotted against the area fraction and size of MA constituents. Both Figure 4.15 (a) and Figure 4.15 (b) show thatas
both the size and area fraction of MA particles increase, toughness performanceis diminished and ductile to brittle
transition temperature increases. The research by Li et al. suggests that the increase in toughness aftertempering in the
5-WQ-Q conditions is in part dueto the tempering of the as-quenched MA islands, reducing the effective amount of
untempered MA constituent.
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Table 4.5 — Chemistry of Steels used by Li et al. [25]

wt pct C Mn Si A% Al N S P Nb B
SteelC  0.092 141 020 <0.005 0.039 0.0067 0.004 0.005 <0.005 <0.0005
Steel LV 0.084 142 0.21 0.05 0.031 0.0047 0.002 0.005 <0.005 <0.0005
Steel V. 0.094 144 0.21 0.10  0.029 0.0052 0.003 0.005 <0.005 <0.0005
Steel Nb 0.100 140 0.19 <0.005 0.031 0.0040 0.002 0.005 0.031  <0.0005
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Figure 4.15 Figures adapted from Li et al. showing the correlation between (a) the size of MA particles in the

tested steels and the 50 J DBTT and (b) the area fraction of MA constituent and the 50 J DBTT.
Filled symbols represent intercrical reheat temperatures of 800 °C and empty symbols represent
intercritical reheat temperatures of 750 °C. [25]

The 10-FAQ-C conditions display an abrupt ductile to brittle transition when compared to the relatively
gradual transition seen in the 5-WQ-Q conditions. The 10-FAQ-C condition also experiences an initially large
increase in impact energy at -46 °C after the 0.5 hour tempering treatment (230 J increase). However, unlike the
5-WQ-Q condition, the impact toughness ofthe 10-FAQ-C condition does not change significantly with tempering
treatments longer than 0.5 hour. Both the 10-FAQ-C-T> and 10-FA Q-C-Ts conditions show a slight decrease in upper
shelf energy compared to the as-quenched state and the 10-FAQ-C-T:1 condition appears to display no increase in
upper shelf energy when compared to the as-quenched condition. Several of the Charpy specimens tested at higher
temperatures stopped the Charpy machine hammer and did not break, indicating that the exact uppershelf energy for
both the as-quenched and tempered samples for the 10-FAQ-C conditions may vary from the displayed values.
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Figure 4.16 DBTT curves for the 10-FAQ-C conditions in the as-quenched state and after tempering at 600 °C

for (a) 0.5 hour, (b) 1 hour, and (c) 5 hours. (10-FAQ-C as-quenched and 10-FAQ-C-T curves
adapted from Rana [18]).
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Table 4.6 — Rockwell Hardness and -46 °C Impact Energies for the As-quenched and Tempered Samples.

Sample Tempering Time (hours) -46 °C impact energy (J) Hardness (HRB)

5-WQ-Q 0 47.6 95.1
5-WQ-Q-T» 0.5 170 92.3
5-WQ-Q-T 1 225 88.3
5-WQ-Q-T3 5 271 91.3

10-FAQ-C 0 62.5 81.6
10-FAQ-C-T2 0.5 293 81.9
10-FAQ-C-T 1 283 81.5
10-FAQ-C-T3 5 285 80.5

The material used in this study is designed to replicate materials and processing found in ASTM A 694 forged

flanges for oil and gas pipelines. Therefore, the Charpy impact results obtained for the sample conditions in this study
can be compared againstthe ASTM A694 standards as ametric for toughness performance. The ASTM A694

standard does not specifically outline a toughness requirement. Instead ASTM A 694 references the ASTM A707

standard for forged steel flanges for low temperature service [26]. In the ASTM A707 standard the test temperature at

which the flange specimens are impact tested is specified by grade (grade L1 through L8). Grade L2 flanges are

required to be tested at -46 °C; the result of impact testing at -46 °C for the 5-WQ-Q and 10-FAQ-C conditions are

shown in Table 4.6. The impact energy values required to pass the ASTM A707 standard for toughness depend on the

class of forging (class 1 through 4). The impact energies required for each class of forging are shown in Figure 4.17

along with the impact energies of the 5-WQ-Q and 10-FAQ-C conditions tested at -46 °C, corresponding to the test

temperature requirement for an L2 flange.

48



All tempered conditions for the 5-WQ-Q and 10-FAQ-C samples exceed the standards forL2 class 3 and
class 4 forgings. It should also be noted that these conditions also meet the toughness specifications forL3 flanges
which also usethe -46 °C impact energy as a requirement.

Figure 4.17 shows that the tempered conditions exceed the requirements outlined in the ASTM A707
standard. The favorable performance of these test samples compared to industrially produced ASTM A694 flanges is
in part exp lained by the difference in manufacturing between the bars from which the samp les in this study were taken,
and the fullsized flanges tested by industry. The samples in this study were machined fromrolled barstockbefore heat
treatment. The hot rolling operations performed reduced the bar cross section sufficiently to eliminate the presence of
as cast microstructural features. The flanges tested industrially are often produced from a billet that is pierced then
forged into the final shape. Kramer et a/. found that some of the flanges produced in this way still contain features ofas
cast microstructure, which were revealed using a macro etch and can be seen in Figure 2.3 [3]. The as cast
microstructures found in these flanges have diminished toughness properties compared to products with sufficient
forging work to eliminate as cast microstructural features [3].

Figure 4.18 shows photographs ofthe 5-WQ-Q-T2 and Figure 4.19 shows photographs ofthe 5-WQ-Q-T3
Charpy specimens. For the 5-WQ-Q-T2 condition, ductile shear dominates the fracture surfaceabove 3 °C. A
combination of ductile shear and brittle fracture occurs at -52 °C and transitions into predominately brittle fracture at
-80 °C and becomes fully brittle at -179 °C. The 5-WQ-Q-T3 condition displays almost complete ductile shear
behavior as low as -54 °C which becomes a combination of shearand brittle fracture at -79 °C. Below -79 °C the

specimens are almost completely brittle.

.52 °C  R0°C -100 °C

-179 °C

Figure 4.18 Charpy impact specimens for the 5-WQ-Q-T2 condition.
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54 °C 79 °C -100 °C

1104 °C ) ) 177 °C
Figure 4.19 Charpy impact specimens for the 5-WQ-Q-T3 condition.

Figure 420 shows the Charpy impact specimens for the 10-FAQ-C-T2 condition and Figure 4.21 shows the
Charpy impact specimens for the 10-FAQ-C-T3 condition. The 10-FAQ-C-T> condition shows evidence of ductile
failure at lower temperature than the 5-WQ-Q conditions. The fracture surfaces are dominated by ductile shear down
to -40 °C. A combination of ductile and brittle fracture is presentat -71 °C and the fractures do not become fully
brittle until temperatures less than -97 °C. The 10-FAQ-C-T3 conditions show similar fracture features to the
10-FAQ-C-T2 conditions with a combination of ductile and brittle fracture behavior at -71 °C which becomes almost
fully brittle below -98 °C. The 10-FAQ-C conditions may have a greater proportion of ductile behavior at lower
temperatures than the 5-WQ-Q conditions but the tested samples for all of the 5-WQ-Q and 10-FAQ-C conditions
appear to become fully brittle around -100 °C
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90 °C 23 °C 0°C

-40 °C -71 °C -71 °C (2)

97 °C -179 °C

Figure 4.20 Charpy impact specimens for the 10-FAQ-C-T> condition.
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23 °C 2°C -40 °C

71 °C 71 °C (2) 98 °C

-179 °C

Figure 4.21 Charpy impact specimens for the 10-FAQ-C-T3 condition.

4.5  Tensile Results

In addition to Charpy impact testing and hardness testing, tensile testing was performed to assess the effect of
tempering on the tensile properties of the 5-W Q-Q and 10-FAQ-C sample conditions. Figure 4.22 shows engineering
stress-strain curves for the 5-WQ-Q condition in the as-quenched state and after all o f the tempering treatments. Each
sample condition was run in duplicate using DIC to determine the strain gradients in the samples . The ultimate tensile
strength (UTS), uniform elongation (UE), and yield strength (YS) for the 5-WQ-Q conditions are shown in Table 4.7.
Data pastthe point of plastic instability are not available for the 5-WQ-Q-T2 condition because at larger strains the

DIC analysis software is often unable to evaluate the speckle pattern on the sample.
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Figure 4.22 Engineering stress-strain curves for the 5-WQ-Q samples conditions. *Data for 5-WQ-Q-T>
condition not available to failure.

Table 4.7 — Tensile Data for the 5-WQ-Q Samples in all the Tempering States.

Sample Tempering Time (HR)  UTS (MPa) YS (MPa) UE
5-WQ-Q 0 565 339 0.14
5-WQ-Q-T> 0.5 500 425 0.12
5-WQ-Q-T 1 491 417 0.12
5-WQ-Q-T3 5 487 414 0.12

The engineering stress-strain curves show continuous yielding before tempering with an emergence of'yield
point elongation after tempering. The data also show a decreasein UTS and an increase in YS after tempering in all
conditions for the 5-WQ-Q samples. After the 0.5 hour tempering treatment, the YS increases by an average of
86 MPa and the UTS decreases by an average of 65.5 MPa. All of the tempered conditions appear to have very similar
yield and tensile strength with UTS becoming slightly lower at longertempering times. The results indicate that for the
5-WQ-Q condition, the majority of the tempering effect on the tensile properties is achieved within the first half hour
oftempering. The presence of roundhouse yielding is only observed in the as-quenched 5-WQ-Q condition and is a
consequence ofthe formation of martensite during quenching. The serrated yielding seen in the other sample
conditions is a result of solute carbon pinning dislocations and subsequent dislocation multiplication. In the
as-quenched 5-WQ-Q condition, the shear transformation that produces martensite also results in a high mobile
dislocation density, further dislocation multiplication is limited compared to the tempered conditions and the yield
point elongations do not occur.

The engineering stress-strain curves for the 10-FAQ-C sample conditions are shown in Figure 4.23 and the
YS, UE, and UTS data are shown in Table 4.8. All tensile curves for the 10-FAQ-C conditions, even in the
as-quenched state, showyield point elongation. This is dueto the absence of martensite, resulting in a lower starting

dislocation density.
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Figure 4.23 Engineering stress-strain curves for the 10-FAQ-C conditions.

Table 4.8 - Tensile Data for the 10-FAQ-C Samples in all the Tempering States.

Sample Tempering Time (HR)  UTS (MPa)  YS (MPa) UE
10-FAQ-C 0 427 304 0.15
10-FAQ-C-T> 0.5 419 309 0.14
10-FAQ-C-Ty 1 422 314 0.15
10-FAQ-C-T3 5 413 306 0.14

Tensile testing results of the 10-FAQ-C conditions showthe possibility of a small decreasein UTS after
tempering. The difference between the YS of'the as-quenched and tempered samples for the 10-FAQ-C condition is
negligible. These results track well with the microstructural observations of the as-quenched and tempered 10-FAQ-C
samples shown in Figure 4.6 and the hardness results in Figure 4.1. The limited degradation of the pearlite in the
10-FAQ-C samples after tempering and the minimal decreasein hardness indicates that tempering has only a small
effect on the mechanical properties ofthe 10-FAQ-C condition. The results of the precipitate analysis in Figure 4.9
show that the formation of new precipitates less than 5 nmis occurring in the 10-FA Q-C samples after tempering; this
usually indicates that some secondary hardening effect would be observed. The fact that no secondary hardening is
observed in this condition indicates that the initial post austenitizing cooling rate was not fast enough to significantly
supersaturate the microstructure with vanadium. Since a limited amount of vanadium was left in solution after
austenitizing, the amount of vanadium precipitation after tempering was not large enough to contribute a significant

strengthening effect.
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CHAPTER 5 SUMMARY AND CONCLUSIONS

This study aimed to understand the effects of quenching and tempering on the through thickness properties of
heavy section forgings. The study also focused on the effects of vanadium microalloying in heavy section forgings
processed through quenching and tempering. In order to accomplish this goal, sample conditions with different post
austenitizing cooling rates were made to simulate the thermal profiles of heavy section forgings after either water
quenching or forced air quenching. Samples were also examined after tempering treatments at 600 °C for 0.5 hour,

1 hour, and 5 hours. Hardness testing, Charpy impact testing, and tensile testing were performed to determine the
effect of postaustenitizing cooling rate on these properties. The same mechanical tests were als o performed after the
tempering treatments.

The 5-WQ-Q condition representing the quarter thickness ofa 5 inch cube of steel quenched in water was
identified as a condition of interest due to its relatively fastpostaustenitizing cooling rate and large increase in
toughness after an initial 1 hour temper at 600 °C. The as-quenched microstructure consisted of ferrite and martensite.
After the 0.5 hour tempering treatment the martensite became heavily tempered and spheroidized cementite appeared.
Similar microstructures were observed after 1 hourand 5 hours of tempering. The hardness dropped significantly after
the 0.5 hour tempering treatment, and continued to drop after the 1 hour tempering treatment. An increase in hardness
was observed after 5 hours of tempering associated with secondary hardening from the precipitation of vanadium
carbonitrides. After the 0.5 hour tempering treatment the yield strength ofthe 5-WQ-Q condition increased by an
average of 86 MPa and the ultimate tensile strength decreased by an average of 65 MPa, yield point elongation also
emerged after this tempering treatment. Additional tempering time resulted in little to no change in the yield or tensile
strength of the 5-WQ-Q samples. The ductile to brittle transition temperature decreased after all of the tempering
treatments performed onthe 5-WQ-Q samples. As with the tensile results, the transition temperature and -46 °C
impact energies for the 5-WQ-Q conditions showan initially large improvement after a short tempering time of
0.5 hour, followed by the properties becoming stable with relatively small changes at longer tempering times.

The 10-FAQ-C condition representing the center thickness of a 10 inch cube of steel cooled with forced air
was selected as a condition of interest due to its slow post austenitizing cooling rate compared to the 5-WQ-Q
condition. The as-quenched microstructure consists of ferrite and pearlite, which shows resistance to tempering even
after 5 hours of tempering at 600 °C. After the 0.5 hour tempering treatment, some spheroidization of the pearlite
lamellae begins to occur. The spheroidization of the lamellae progresses slightly at longer tempering times but full
spheroidization of the lamellaec does not occur even after 5 hours of tempering. The minimal change in microstructure
is reflected in the hardness results which showonly a slight decrease in hardness even after the longest tempering
treatment. The tensile results for the 10-FAQ-Ccondition show anegligible change fromthe as-quenched state in both
yield and tensile strength forall tempering conditions. The Charpy impact results show an initially large increase in the
-46 °C impact energy after the 0.5 hour tempering treatment. Further tempering ofthe 10-FAQ-C condition beyond
the 0.5 hourtreatment does notresult in a significant change in impact energy. The leveling off of the impact
properties at longer tempering times in the 10-FAQ-C conditions is also reflected in the tensile properties which show

a similar trend with regard to prolonged tempering. Both the tensile and impact results indicate thathigher
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temperatures or much longer tempering times would be needed to affect a significant change in the mechanical
properties.

The findings in this study have direct implications on the design and manufacture of heavy section forgings
produced and used in industry. The chief concern motivating this research was the discovery of low temperature
toughness deficiencies in heavy section pipeline flanges. However, the results of Charpy impact testing on conditions
representing various thicknesses and microstructures of forgings all pass the ASTM A707 standards for toughness in
pipeline flanges after relatively shorttempering times. With the exception of the low aluminum content of the alloy
used in this study, the alloy and heat treatments used are similar to those used in industry, it is possible that the
difference in impact results is a consequence ofdifferences in thermal and mechanical processing of the samples in
this study and the flanges tested in industry. Research by Kramer ez al. indicates that some industrially produced heavy
section flanges do not have enough forging reduction to completely eliminate features of as cast microstructure in the
center of the flanges [3]. The coarse as cast microstructural features could account for part of the deficiency in
toughness when compared to the samples in this study which were machined from hot rolled bars with a high enough
reduction ratio to eliminate microstructural features present from casting.

A thermal gradient exists during heating and cooling of heavy section forgings resulting in variation in the
time at temperature through the thickness of the forging as well as different heating and cooling rates through the
thickness. The implication of this is thatin order to achieve a time at temperature of 0.5 hour at the center of the
forging, the surface may be at temperature for much longer. The results of this study showthe effects of several
tempering times on the impact and tensile properties of multiple thicknesses offorging s, allowing for the develop ment

of tempering selection criteria that optimize the strength and toughnessthrough the thickness ofthe forging.
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CHAPTER 6 FUTURE WORK

Based on the findings of this study, there are several opportunities for additional research to develop
additional understanding ofthe effect of quenching and tempering on this material system. In order to fully
characterize theidentity and composition of the precipitates examined in this study,3D EDS scans could be taken of
the precipitates in order to determine if they are vanadium nitrides, vanadium carbides or some combination of
microalloy precipitates. Electrochemical dissolution could also be performed onthe samples used in this study to
understand how much vanadium remains in solution compared to the theoretically calculated values. Electrochemical
dissolution may also help in determining the amount of vanadium present as precipitates but caution should be taken in
performing this analysis as some vanadium may be enriched in the undissolved cementite. Additional fractography
and fracture surface analysis could be performed to correlate microstructural features to the type of failure observed in
the Charpy specimens. Calculations for percentage shear for the Charpy samples could reveal information valuable to
a fracture analysis that absorbed impact energy may notnecessarily render. Samples with different starting
microstructures representative of different locations in forgings could be examined in order to understand the effect of
microstructure before heat treatment on the precipitation and mechanical properties of heavy section forgings. An
extensive strengthening analysis could be performed in order to determine the contribution of each strengthening
mechanism to the tensile properties of each sample, in order to geta betteridea of the specific contribution of

vanadium precipitation to strength in the selected sample conditions.
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APPENDIX A GLEEBLE PROGRAMS

Screen shot of the Gleble program used to perform the initial austenitization and quench for the 5-WQ-Q

condition. Samples were removed from the Gleeble and tempered in box furnaces to perform the tempering study.
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Screen shot of Gleeble program used to heat treat the sub sized samples for the tensile geometry qualifying

study. The program was created based on the cooling profile of full sized tensile specimens heat treated in box

furnaces and air cooled.
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