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The influence of tempering on the microstructure and mechanical properties of HSLA-100 steel (with
C-0.04, Mn-0.87, Cu-1.77, Cr-0.58, Mo-0.57, Ni-3.54, and Nb-.038 pct) has been studied. The plate
samples were tempered from 300 8C to 700 8C for 1 hour after austenitizing and water quenching.
The transmission electron microscopy (TEM) studies of the as-quenched steel revealed a predominantly
lath martensite structure along with fine precipitates of Cu and Nb(C, N). A very small amount of
retained austenite could be seen in the lath boundaries in the quenched condition. Profuse precipitation
of Cu could be noticed on tempering at 450 8C, which enhanced the strength of the steel significantly
(yield strength (YS)—1168 MPa, and ultimate tensile strength (UTS)—1219 MPa), though at the
cost of its notch toughness, which dropped to 37 and 14 J at 25 8C and 285 8C, respectively. The
precipitates became considerably coarsened and elongated on tempering at 650 8C, resulting in a
phenomenal rise in impact toughness (Charpy V-notch (CVN) of 196 and 149 J, respectively, at 25
8C and 285 8C) at the expense of YS and UTS. The best combination of strength and toughness has
been obtained on tempering at 600 8C for 1 hour (YS-1015 MPa and UTS-1068 MPa, with 88 J at
285 8C).

I. INTRODUCTION Nb for use in offshore structures.[6–11] Based on this, HSLA-
80 steel was developed by the United States Navy in theSTEELS used for high-strength structural applications early 1980s.[1,12] Thomson et al. worked with a similar HSLA

are essentially quenched and tempered low- to medium- steel with a higher alloy modification.[13] More recently,
carbon low-alloy steels. In the United States Navy’s specifi- they worked in detail on the austenite decomposition during
cation, these are basically HY series of steels that are primar- continuous cooling on an HSLA-80 plate steel.[14] Although
ily low-alloy Ni-Cr-Mo-V steel with about 0.2 pct C (Tables HSLA-80 steel has a minimum YS of 80 Ksi (552 MPa)
I and II). The HY series of steels has been most commonly with a good low-temperature impact toughness (81 J at 285
used for submarine hulls for over 4 decades.[1] In this series

8C) and weldability, there was a need to develop steels with
of steels, the initial development of the HY-80 was followed a still higher YS for making many critical components of
by the HY-100 and the HY-130 steels (the number indicates naval and engineering structures that were subjected to com-
yield strength (YS) in Ksi; 1 Ksi 5 7 MPa). Carbon is the plex dynamic loading.[1] With this in mind, a few United
main martensitic strengthening element in these steels; with States steel companies (Lukens Steel, Coatesville, Pennsyl-a carbon equivalent of around 0.80, the steels are difficult

vania, Phoenix Steel Corporation, Claymont, Delaware, etc.)to weld and require costly preheating as well as postweld
and the United States Navy have concentrated on the devel-heat treatments.[2,3] To overcome these difficulties, a new
opment of HSLA-100 steel with a minimum YS of 100 Ksifamily of low-carbon, copper-bearing, high-strength, low-
(690 MPa) with a low-temperature impact toughness (81 Jalloy steels has been developed during the last 2 decades
at 285 8C) and easy weldability. A few trial heats were(Tables I and II). These steels are intended for use in the
made with these steels in the late 1980s and early 1990s.construction of the hulls of naval warships and submarines
Wilson et al.[3] worked with two such HSLA-100 steels, ofand also for engineering structures, especially mining and
28-mm plate thickness with carbon contents of 0.04 wt pctdredging equipment, offshore drilling platforms, heavy duty
and 0.06 wt pct, and found that the plate with the slightlytrucks, and bridges, etc.[1,3–5] Using high strength, good
higher carbon content (0.06 wt pct) gave better strength thanimpact toughness, and easy weldability as the major criteria,
the plate with the lower carbon content (0.04 wt pct). Foxlow-alloy steels with a very low carbon content (,0.06 pct)
et al.[15] worked on HSLA-100 steels of 19- and 32-mmand a combination of alloying elements (Cu, Ni, Cr, Mo,
plate thickness with normal copper (1.47 wt pct) as well asNb, and V) were developed. Copper was added primarily
with increased copper (2.0 wt pct). For the same sectionto cause precipitation hardening. The first successful devel-
thickness, the higher copper content gave better strength andopment in this family of steels was an ASTM A 710 grade
toughness.[15] Mujahid et al.,[4,16] on the other hand, workedwith a composition 0.07 pct C, 0.5 pct Mn, 0.4 pct Si, 0.75
with 25-mm plates of HSLA-100 steels with carbon contentspct Cr, 0.9 pct Ni, 0.20 pct Mo, 1.15 pct Cu, and 0.02 pct
of 0.036 pct and 0.057 pct. They attributed the extraordinary
improvement in toughness that they observed when the steels
were aged between 640 8C and 665 8C to the “new austenite”
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II. EXPERIMENTAL

The steel was supplied by the Phoenix Steel Corporation
(Claymont, Delaware) in the form of austenitized and
quenched plates of a 51-mm thickness from a 150-ton trial
production heat. The chemical analysis of the steel was
conducted by optical emission spectrometry; the composi-
tion is provided in Table III. To evaluate the mechanical
properties (hardness, Charpy impact toughness, and tensile
strength) of the steel at various tempering conditions, 14-
mm-thick Charpy impact specimens and tensile test blocks
of suitable length and width in the longitudinal transverse
(L-T) orientation were cut from the as-received plate. To
maintain the uniformity of sample location, the test blocks
were cut at a distance of 2 to 3 mm from the top and bottom
surfaces. The test blocks were then austenitized at 950 8C
for 40 minutes in a salt bath furnace, and quenched in water.
They were then tempered at temperatures varying from 300
8C to 700 8C at intervals of 50 8C for 1 hour in the same
furnace, followed by water quenching.

After tempering, the samples were machined to final
dimensions. Shouldered tensile specimens of a 25-mm gage
length and a 6.25-mm gage diameter (per ASTM A 370)
were used in the present investigation. Tensile testing was
carried out with an Instron 1195 (Instron Ltd., High
Wycombe, Buckinghamshire, England) universal testing
machine at a crosshead speed of 1 mm/min. Standard Charpy
samples, with dimensions of 10 3 10 3 55 mm and a 2-
mm V-notch, were prepared according to ASTM E 23.
Impact tests were conducted with a Tinius-Olsen model
Charpy impact testing machine at various temperatures,
namely room temperature (25 8C), 220 8C, and 285 8C.
For both tensile and impact testing, three specimens were
tested for each condition, and average values were reported.
The hardness was measured in a Vicker’s hardness tester
(Georg Reicherter, Esslingen/Neckar, Germany) using a 30-
kg load. An average hardness of 10 indented fields for a
particular sample was reported. The error in hardness mea-
surement was 65 Vickers hardness numbers (VHN), while
the error in the cases of YS and ultimate tensile strength
(UTS) was 610 MPa. The error in measurement of the
percent of elongation (EL) and the percent of reduction in
area (RA) was 61 pct, whereas it was 65 Charpy V-notches
(CVN), in the case of CVN values.

Fractography studies were carried out on the tested impact
specimens in a JSM-840A model scanning electron micro-
scope (SEM) (JEOL Ltd., Tokyo, Japan). X-ray diffractome-
tric (XRD) studies of the as-quenched and tempered steels
were conducted to detect the presence of retained austenite,
using a Siemens X-ray diffractometer (Siemans, Karl Sruhe,
Germany), with a Mo Ka target.

Light microscopy studies were conducted on the samples
taken from the tested Charpy samples at similar locations.
Samples were mechanically polished and etched with a 2
pct nital solution for observation of the microstructure using
a Neophot-30 optical microscope (Carl Zeiss, Jena, Ger-
many). For the measurement of grain size, hot-stage micros-
copy was done at 950 8C using a Reichert MeF2 light
microscope with vacuutherm (Leica, Wetzlar, Germany),
with a 7-mm diameter cylindrical solid specimen 10 mm in
length. Thin foils were prepared for transmission electron
microscopy (TEM) in a twin jet electropolisher, using a
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Table II. Specified Mechanical Properties of HSLA Steels Used for Naval Ship Building and Off-Shore Structures

Charpy Impact Energy (J)

Steel Grade YS (MPa) El Percent RA Percent 217.7 8C 260 8C 284.4 8C

HY-80 552 to 687 20 50 81 — 47
HY-100 690 to 828 18 45 81 — 54
HY-130 897 to 1035 15 50 108 — 54
ASTM A 710, Gr.-A, Cl.-III 345 to 585 — — — 69 —
HSLA-80 552 to 690 20 50 — — 81
HSLA-100 690 to 862 18 45 108 — 81

Table III. Chemical Composition of the Experimental
Steel (Weight Percent)

C Mn P S Si Cu Ni Cr Mo Al Nb

0.04 0.87 0.003 0.006 0.25 1.77 3.54 0.58 0.57 0.038 0.038

acid at 10 8C and 25 V. The foils were examined in a JEOL*

*JEOL is a trademark of Japan Electron Optics, Ltd., Tokyo.

4000 EX microscope at 200 kV. Energy-dispersive spectrom-
etry (EDS) of a few thin foils was conducted with a Link
EDS system (Oxford Instruments Ltd., High Wycombe,
Buckinghamshire, England).

(a)

III. RESULTS

A. Microstructure

1. Light microscopy
Typical optical micrographs of the as-quenched steel and

the steel tempered at 700 8C are shown in Figures 1(a) and
(b), respectively. These micrographs do not reveal much
other than that the as-quenched steel exhibited a lath mar-
tensite microstructure and that it did not undergo any marked
changes on tempering at 700 8C. The prior austenite grain
size of the steel measured by hot-stage microscopy was
found to be 15 mm.

2. Transmission electron microscopy
(b)The TEM studies of the as-quenched steel revealed a

predominantly lath martensite structure with a high disloca- Fig. 1—Optical microstructures of the steel (a) water-quenched and (b)
tion density (Figure 2(a)). Extremely fine precipitates about tempered at 700 8C.
10 to 15 nm in diameter could also be seen in the dark-field
(DF) micrograph of Figure 2(b). The selected area diffraction
(SAD) pattern shown in Figure 2(c) and its sketch, Figure considerably increased on tempering at 450 8C, as can be

seen in the bright-field (BF) and DF micrographs of Figures2(d), indicated that the precipitates were essentially Nb(C,
N) and Cu. The DF image shown in Figure 2(b) essentially 3(a) and (b). The Cu precipitates, however, did not coarsen

much at this temperature, and these were only slightly coars-corresponded to a (111) Cu ring. Since a (111) Nb(C, N)
ring was located close to the (111) Cu ring, the appearance ened to ,20-nm diameter after tempering at 600 8C, as

shown in Figure 4. Extremely fine spherical Nb(C, N) parti-of some of the Nb(C, N) precipitates in that DF image could
not be ruled out. Traces of retained austenite were observed cles were found along with Cu precipitates in all tempering

conditions. Thus, the BF images shown in Figures 3(a) andat very few lath boundary locations in the as-quenched condi-
tion; it was identified by SAD, as shown in Figure 2(e) and 4 also indicated the presence of Nb(C, N) precipitates along

with the Cu precipitates. The DF image shown in Figureits sketch, Figure 2(f). The DF image from the (022) austenite
reflection is shown in Figure 2(g), which is taken from a 3(b) was essentially from the (111) Cu ring and, as mentioned

earlier, some of the DF spots might correspond to the closelydifferent area than Figures 2(a) to (d).
The TEM studies of the steel tempered at 350 8C and 400 located (111) Nb(C, N) ring.

The steel tempered at 650 8C continued to exhibit martens-8C showed a microstructure similar to the one found in
the as-quenched steel. The number of Cu precipitates has ite laths. The martensite freshly formed from the intercritical
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(b)(a)

(d )
(c)

( f )

(e)

Fig. 2—TEMs of the steel in water-quenched condition: (a) BF revealing lath martensite; (b) DF; (c) SAD; and (d ) schematic of SAD, identifying the
Nb(C, N) and Cu precipitates. (e) SAD and ( f ) schematic of SAD showing a and g reflections.

austenite could also be seen as a dark phase at the lath in the structure. Since the Nb(C, N) precipitates were inher-
ited from the austenite structure, and were not expected toboundaries (Figure 5(a)). Precipitates were found within the

laths as well as at the lath boundaries. The diffraction analy- grow on tempering, some of the fine and spherical particles
observed in the BF and DF images shown in Figures 5(b)ses of the lath boundary phase revealed that it was essentially

a bcc phase, and that it could be either ferrite or martensite and (c) could be of Nb(C, N). The SAD pattern and its
sketch taken from the same field are exhibited in Figuresbut not austenite. The Cu precipitates have become bigger

and rod-shaped (50-nm long) at this temperature, the evi- 5(d) and (e), which confirmed the presence of both Cu
and Nb(C, N) rings. The DF image shown in Figure 5(c)dence of which is shown in BF and DF images (Figures

5(b) and (c)). Few Nb(C, N) precipitates were also present essentially corresponded to the (111) Cu ring and was ex-

2262—VOLUME 32A, SEPTEMBER 2001 METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 4—TEM of the steel tempered at 600 8C revealing unrecovered mar-
tensite laths and large numbers of Cu with a few Nb(C, N) precipitates

(g) within its matrix.

Fig. 2—Continued. TEMs of the steel in water-quenched condition: (g)
DF with (022) g reflection revealing retained austenite at lath boundaries.

After 700 8C tempering, the volume percent of the new
lath boundary phase was found to be greater (Figure 6(a)).
The Cu precipitates were coarse and rod-shaped, though
fewer in number at this temperature (Figure 6(b)). Two
superimposed EDS spectra of the lath boundary dark phase
and the adjacent matrix are shown in Figure 6(c). The quanti-
tative analyses revealed an approximately 50 pct enrichment
of Mn and 35 pct enrichment of Ni in the former, as compared
to the adjacent matrix.

B. Mechanical Properties

The hardness of the quenched steel as a function of tem-
pering temperature is plotted in Figure 7, which indicates that
the VHN increased from 354 in the as-quenched condition to
a high of 388 after tempering at 450 8C, beyond which it
decreased to a low of 289 after tempering at 650 8C. A slight

(a) increase in hardness to 309 VHN was noticed in the steel
after tempering at 700 8C.

The variations in the YS and UTS of the steel with tempering
temperature are also depicted in Figure 7. The YS varied
within a range of 806 to 1168 MPa. The YS was highest after
tempering at 450 8C and lowest after 700 8C tempering. The
UTS also varied more or less in the same fashion, increasing
from 1134 to 1219 MPa at 450 8C, before falling to 938 MPa
after 650 8C tempering. A slight increase in UTS to 1041 MPa
was observed in the steel after tempering at 700 8C.

The variations of EL percent and RA percent with temper-
ing temperature are plotted in Figure 8. The EL percent
varied between 17 and 23. The maximum EL was achieved
after tempering at 650 8C, and the minimum was achieved
at 300 8C to 350 8C. The RA percent varied from 59 to 73.
The maximum RA was obtained after tempering at 650 8C,
and the minimum was observed after tempering at 450 8C.

(b) The CVN impact energies of the quenched and tempered
steels were measured at room temperature (25 8C), 220 8CFig. 3—TEMs of the steel tempered at 450 8C depicting profuse precipita-

tion of Cu throughout the matrix with a few Nb(C, N) precipitates: (a) BF and 285 8C. The highest CVN energies at room temperature,
and (b) DF. 220 8C and 285 8C were 196, 190, and 149 J, respectively,

which were obtained in samples tempered at 650 8C. The
lowest CVN energies at room temperature, 220 8C, and
285 8C were 37, 19, and 14 J, respectively, which werepected to have some area from the (111) Nb(C, N) ring

located close to it. obtained in samples tempered at 450 8C. Figure 9 depicts
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(a) (b)

(c)

(e)

(d )

Fig. 5—TEMs of the steel tempered at 650 8C depicting (a) partially recovered matrix with freshly formed martensite appearing as dark phase at lath
boundaries. (b) BF and (c) DF showing elongated and rod-shaped Cu precipitates with a few fine and spherical Nb(C, N) precipitates. (d ) SAD and (e)
schematic of SAD, identifying Cu and Nb(C, N) precipitates.

the variation in CVN energies with tempering temperature broken Charpy samples tested at 285 8C, from as-quenched
at various test temperatures. steel and from steel tempered at 450 8C and 650 8C, respec-

tively. While the samples belonging to the as-quenched steel
C. Fractography and the steel tempered at 650 8C exhibited dimples, the

fracture surfaces of the steel tempered at 450 8C were quasi-Fractographic studies of the tested impact samples of the
cleavage consistent with the poor notch toughness of theas-quenched and tempered steels were made through SEM.

Figures 10(a) through (c) show the typical fractographs of steel in this condition.

2264—VOLUME 32A, SEPTEMBER 2001 METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 7—Variation of YS, UTS, and VHN of the steel with tempering
(a) temperature.

(b)
Fig. 8—Variation of EL percent and RA percent of the steel with temper-
ing temperature.

Fig. 9—Variation of CVN of the steel at 25 8C, 220 8C, and 285 8C with
tempering temperature.

(c)
D. X-Ray Diffractometry

Fig. 6—TEMs of the steel tempered at 700 8C revealing (a) partially recov- The XRD studies conducted on the water-quenched and
ered matrix with a large quantity of freshly formed martensite (dark phase).

tempered steels did not reveal the presence of retained aus-(b) Elongated Cu precipitates. (c) Two superimposed EDS spectra from
tenite in any condition. This implies that the amount ofthe dark phase and adjacent matrix confirming enrichment of Mn and Ni

in the former. retained austenite is much less than 2 pct.
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quenched HSLA-100 steel was reported by earlier research-
ers,[15,16] the researchers did not support this by either XRD
or SAD. Even in the present investigation, it was difficult
to obtain SAD patterns for retained austenite in the quenched
steel (Figure 2(e)), as the volume percent of retained austen-
ite was very small and appeared in traces at a few lath
boundaries, contrary to the amount shown by Mujahid et
al.[16]

The existence of Nb(C, N) precipitates in the quenched
structure may be expected because these might have formed
during the hot-rolling process and did not go into solution
at the austenitizing temperature. Cooke et al.,[18] in their
work on HSLA-100 steel, proposed precipitation of that
Nb(C, N) during the hot-rolling process. However, Fox et
al.[15] and Foley and Fine[17,19] found the existence of fine(a)
spherical precipitates of Fe3C in the quenched steel, although
no diffraction evidence was provided. The occurrence of Cu
precipitates in the quenched steel of the present investigation
was, however, unusual, as no previous researcher had
reported this. This phenomenon has probably occurred as a
result of the higher copper content (,1.77 wt pct) of the
present steel.

2. Steel tempered at 450 8C
Although coherent and incoherent precipitation of Cu was

reported by earlier researchers,[15,16] the profuseness of the
precipitation of Cu, to the extent of that observed by the
present investigators at 450 8C tempering, was not reported
before. As higher Cu content (1.77 wt pct) in the steel
under investigation could be the reason that the heavily
supersaturated a-iron matrix with Cu on quenching resulted
in the profuse precipitation of Cu on tempering, even at a(b)
lower temperature. Mujahid et al.[16] observed the presence
of fine copper clusters manifested by Moiré patterns when
the steel was tempered at 450 8C. Their observations of
spherical Nb(C, N) precipitates, 10 to 30 nm in diameter,
support our observation. In contrast, Fox et al.[15] found very
fine spherical particles, 5 to 10 nm in diameter, which they
thought were a M3C type of carbides, although they could
not obtain any EDS spectrum or diffraction pattern from the
carbides in support of their observations. Fox et al.[15] could
not image Cu precipitates on tempering at 450 8C and con-
cluded that all Cu precipitates must be the coherent type.

3. Steel tempered at 650 8C
The large number of Cu precipitates observed after tem-

pering at temperatures up to 600 8C were, by and large,
spherical (Figure 4). However, on tempering at 650 8C, the
Cu precipitates become elongated and were rod-shaped. A(c)
new dark phase, which was established by TEM to be mar-

Fig. 10—SEM fractographs of the steel; charpy tested sample at 285 8C tensite or acicular ferrite, appeared along the lath boundaries.
revealing (a) microvoids in as-quenched condition, (b) quasi-cleavage after

Mujahid et al.[16] has also observed this lath boundary dark450 8C tempering, and (c) microvoids after 650 8C tempering.
phase. According to them, the new austenite formed on
tempering above 665 8C transformed to martensite on subse-
quent air cooling to room temperature, and left behind sub-

IV. DISCUSSION stantial amounts of retained austenite, which appeared as a
dark phase at the lath boundaries. However, our investigation
reveals that this lath boundary dark phase (Figure 5(a)) isA. Microstructure either martensite or acicular ferrite, which could be freshly
formed from intercritical austenite on cooling. This is sup-1. As-quenched steel

The microstructure of the water-quenched steel was mar- ported by the fact that the present investigation did not reveal
any austenite peak in XRD. However, a very small amounttensitic, as shown by light microscopy (Figure 1) as well as

by TEM (Figure 2(a)). Though the incidence of a small of retained austenite could pre-exist in the structure from
the as-quenched state and, since its amount was very smallpercentage of retained austenite at lath boundaries in
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(and could be detected as extremely fine films along the Cu precipitates in this strength increment. Goodman et al.,[20]

lath boundaries, as seen by TEM and not detected by XRD), Othen et al.,[21] and Le May and Krishnadev[22] considered
it was not expected to have any effect on the steel’s mechani- the role of incoherent Cu precipitates in the rise of strength
cal properties. on tempering; this agrees with the findings of the present

work. For HSLA-80 steel, Wilson et al.[3] has observed the4. Steel tempered at 700 8C
peak strengthening at 510 8C.The steel tempered at 700 8C exhibited a greater volume

A continuous decrease in strength and hardness developspercentage of new dark phase (martensite); this was expec-
in the temperature range 450 8C to 650 8C (stage III), andted, since the temperature range was above the austenite
reaches minimum for 650 8C tempering. The softening of theforming critical temperature (AC1) and more austenite phase
matrix on tempering and the coarsening of Cu precipitateswas expected to form. The austenite formed above the AC1
(Figure 5(b)) lowered the stress for the movement of disloca-temperature transformed to martensite on rapid cooling in
tions at this stage, and resulted in a decrease in strength andwater to room temperature. The intercritical austenite formed
hardness. The fresh martensite formed in the later part ofat 700 8C was also expected to be rich in alloying elements,
stage III, at 650 8C, had no obvious significant effect on thewhich would cause depletion of the alloying elements in the
strength properties due to its small percentage. The YS,adjacent matrix. The latter observation has been confirmed
UTS, and hardness were reduced by 335 and 281 MPa,by EDS microanalyses.
and 99 VHN, respectively, from 450 8C to 650 8C. Earlier
researchers[3,15,16] also observed similar decreases in strength

B. Mechanical Properties in this temperature range (Figures 11(a) through (c)). Fox
et al.[15] attributed this decrease in strength to the loss ofThe changes in the mechanical properties of the experi-
coherency and coarsening of Cu precipitates. Mujahid etmental steel on tempering could be divided into several
al.[16] have attributed the decrease in strength to the loss ofstages. In stage I, from room temperature (25 8C) to 350
coherency of Cu precipitates and the beginning of recovery8C, the YS, UTS, and hardness remained more or less the
and recrystallization processes in the matrix. Although par-same as that of the quenched steel. A small decrease of 30
tial recovery of the lath structure was noticed at 650 8C inMPa in UTS and a decrease in hardness of 11 VHN with
the present work, there was no evidence of recrystallizationan insignificant change in YS were, however, noticed on
of the matrix. Studies of other Cu-precipitation-hardeningtempering at 350 8C. This small dip in UTS and hardness
steels, HSLA-80 and ASTM A 710 steel, by Wilson et al.[3]at this early stage is commonly observed during the temper-
and Hicho et al.,[8,9] respectively, have also indicated similaring of quenched steel. Because of this particular trend of
decreases in strength properties in this temperature range;lowering of UTS and hardness at the early stage, the heat
this is attributed to the recovery of the lath matrix structuretreatment of this steel after quenching can probably be better
and the coarsening of the copper precipitates.termed as “tempering” than “aging” (the latter term having

In stage IV of tempering, from 650 8C to 700 8C, the UTSbeen used by many previous researchers). In an aging proc-
ess, one would expect a continuous increase in strength and and hardness increased slightly by 103 MPa and 20 VHN,
hardness similar to that in any of the age-hardening alloys. respectively. These increases are attributed to the formation
Takashi Abe et al.[10] had observed a similar trend of decreas- of alloy-rich fresh martensite in a larger quantity (Figure
ing strength at 450 8C while studying the aging behavior of 6(a)) from the intercritical austenite phase upon quenching.
a thermomechanically processed ASTM A 710 grade of The YS, however, experienced a declining trend in this stage
steel. The tempering behavior of HSLA-100 steel in this due to considerable softening of the tempered lath martensite
temperature range (300 8C to 350 8C), however, has not structure, which involved a drastic decrease in the dislocation
been studied so far; it is being reported here for the first density. There has, however, been an increase in UTS, which
time. Figures 11(a) through (c) depict the YS, UTS, and can be attributed to the substantial quantity of fresh martens-
VHN, respectively, vs the tempering temperature plots of ite formed on cooling from 700 8C. The formation of fresh
HSLA-100 steel investigated by earlier workers, superim- martensite increases the dislocation density in the sur-
posed with the plots of the present authors. Wilson et al.[3]

rounding ferrite, which lowers the yield strength but
also showed that there was a slight decrease in the UTS of increases the UTS through higher strain hardening. Foley
HSLA-100 or HSLA-80 steel on tempering at 400 8C, with- and Fine[17] also observed a decrease in YS and an increase
out any decrease in the YS.

in UTS on tempering at 700 8C. Mujahid et al.[16] alsoHardness and strength increased on tempering in the range
showed a rise in UTS and hardness in this temperature zoneof 350 8C to 450 8C (this may be called stage II) and reached
(Figures 11(b) and (c)), but they observed a rise in YS asa peak at 450 8C. The increments of the increase in YS,
well (Figure 11(a)), which is in contrast to our observation.UTS, and VHN that resulted from increasing the tempering

The EL percent of the steel remained more or less thetemperature from 350 8C to 450 8C were 180 and 114 MPa,
same (,17) for tempering at temperatures up to 450 8C. Inand 42 VHN, respectively. The fine precipitates of Cu found
stage III (450 8C to 650 8C), there was little improvementin large quantities (Figure 3) are expected to hinder the
in EL percent, and it reached a maximum of 23 after temper-dislocation movement; this results in a considerable rise in
ing at 650 8C. From the superimposed plots of EL vs temper-strength and hardness. Similar increases in the strength and
ing temperature shown in Figure 11(d), it can be seen thathardness of HSLA-100 steel in this temperature range were
other researchers[16,23] have also obtained similar increasesalso observed by earlier researchers.[3,15,16] Mujahid et al.[16]

in EL in this temperature range. In stage IV of temperingand Fox et al.[15] have all attributed this rise in strength to
(650 8C to 700 8C), deterioration of EL was noticed again;the formation of coherent Cu precipitates at this temperature.

Fox et al. had also discussed the possible role of incoherent it was lowered to 18 pct after tempering at 700 8C. The
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(c) (d )

(e) ( f )

Fig. 11—Superimposed plots depicting variation of (a) YS, (b) UTS, (c) VHN, (d ) EL percent, (e) RA percent, and ( f ) CVN at 285 8C with tempering
temperature of the present investigation along with those of earlier workers.

present findings support the earlier observations of Mujahid continuous improvement in RA and it reached a maximum
of 73 pct at 650 8C tempering temperature. Mikalac andet al.[16]

After remaining more or less constant in stage I, the RA Vassilaros[23] have also observed a similar rise in the RA
percent in the temperature range, as can be seen from thepercent of this steel was lowered to 59 at 450 8C from 67

at 350 8C in stage II of tempering. In stage III, there was superimposed plots shown in Figure 11(e). Hicho et al.[8]
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also found a continuous improvement of the RA percent in significant role in influencing the tempering behavior of the
steel. The Nb(C, N) particles, which have been inherited inthis temperature range for the ASTM A 710 grade of steel.
the quenched steel and exist in all tempered conditions,In stage IV of tempering, the RA percent went down slightly
however, do not have any significant effect on the steel’sto 69 at 700 8C.
tempering characteristics. A study of the mechanical prop-From the pattern of changes in the EL and RA percents
erty data revealed that the peak strength and toughness ofwith tempering temperature, it could be understood that the
the steel are obtained, after tempering at 450 8C and 650decrease in ductility in the lower temperature range near
8C, respectively, with their best combination achieved after450 8C is due to peak strengthening of the matrix, whereas
tempering at 600 8C.in the higher temperature range (500 8C to 650 8C), the

softening of the matrix on tempering has resulted in achiev-
ing a higher EL and RA percent. The decline in the values

V. CONCLUSIONSof the EL and RA percent after tempering at 700 8C could
be attributed to the freshly formed hard martensite.

The Charpy impact toughness of the steel showed a little 1. The water-quenched microstructure of the HSLA-100
improvement at the beginning of stage I of tempering (25 steel plate (14-mm thick) was mostly lath martensite.
8C to 350 8C), both for room temperature and at 220 8C Traces of retained austenite could be located at a few
test temperatures. The CVN at 285 8C, however, remained lath boundaries. Incidences of Cu and Nb(C, N) precipi-
more or less the same, at ,60 J. The CVN values at all test tates were observed in the quenched structure. A profuse
temperatures, however, went down thereafter, reaching a precipitation of Cu as fine spherical particles was noticed
minimum at 450 8C. The strengthened matrix is obviously at or above 450 8C, and coarsened to elongated rods at
detrimental for notch toughness. Mujahid et al.[16] and 650 8C. The steel was found to be highly resistant to
Wilson et al.[3] also observed similar dips in CVN values at tempering, and the martensite lath structure was visible
the 450 8C tempering temperature, which could be seen in even after tempering near intercritical temperature.
the superimposed plots of CVN at 285 8C vs tempering 2. The YS and UTS of the steel varied in the ranges of 806
temperature (Figure 11(f)). Mujahid et al.[16] has attributed to 1168 MPa and 938 to 1219 MPa, respectively. Both
this to both the negative effect of matrix strengthening and YS and UTS were at their highest at 450 8C, and dropped

down to their lowest at 700 8C and 650 8C temperingthe impurity segregation at the grain boundaries. But, since
temperatures, respectively. The hardness of the steel wasthe fractographic studies of impact-tested samples at 285
within a range of 289 to 366 VHN and, as expected,8C revealed that the fracture of the 450 8C tempered steel
followed the same trend as UTS on tempering.was essentially a transgranular quasi-cleavage mode, the role

3. The EL percent was more or less constant at about 17of grain boundary impurities in bringing down the notch
up to 450 8C tempering, beyond which it increased gradu-toughness has to be ruled out. A similar decrease in CVN
ally to 23 on tempering at 650 8C. The RA percent alsovalues for HSLA-80 steel in the temperature range from 260
remained unchanged (,66) up to 350 8C, but experienced8C to 510 8C was also reported earlier.[3]

a fall on 450 8C tempering, to give the minimum valueIn stage III of tempering (450 8C to 650 8C), there was
of 59, above which it started rising again and registereda remarkable improvement in CVN, reaching a peak at 650
a maximum (,73) on 650 8C tempering.8C. The impact toughness at 285 8C improved by 135 J

4. The CVN impact toughness of the steel was lowest aton tempering at 650 8C, compared to that at 450 8C. The
450 8C and highest at 650 8C tempering temperatures.phenomenal improvement in impact toughness in this tem-
At 285 8C, it registered 14, 149, and 92 J, after temperingperature range is due to the overaged microstructure of par-
at 450 8C, 650 8C, and 700 8C, respectively. While thetially recovered matrix and coarse Cu precipitates, which
profuse precipitation of Cu is considered responsible formight have helped in arresting the propagation of cleavage
the drastic fall in impact toughness on 450 8C tempering,cracks. The increase of the EL and RA percent at this phase,
the phenomenal rise in toughness at 650 8C is associatedas discussed earlier, matched the rise in CVN values.
with the recovery of martensite laths and the coarseningMujahid et al.[16] has attributed this extraordinary improve-
of Cu precipitates. The decrease in toughness on temper-ment in toughness to the formation of highly alloyed, ther-
ing at 700 8C is attributed to freshly formed martensite.mally stable austenite at the lath boundaries. As discussed

5. The best combination of strength and toughness for thepreviously (Section 4.2 of the referred paper (Ref. 16)), the
steel is obtained on tempering at 600 8C for 1 hour (YS-present authors could find only traces of retained austenite
1015 MPa, UTS-1068 MPa, and CVN-88 J at 285 8C).at the lath boundaries and, hence, considered it not to be

responsible for improved toughness. The phenomenal rise
in toughness in other Cu-bearing low-alloy steels, the HSLA-
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