C-STEEL W RE OR ROD The present invention relat e@z&t%za{ F\é“s?eel
fre or rod to be used as a reinforcenent for a PC pile or a Pﬁ&OI(%Q\‘
Tepared by autoclave curing nmethod, and nore particularly, to'

| fprovenents in its straightness and pressure-formability.

1

PC STEEL WIRE OR ROD

The present invention relates to a PC steel wire or
rod to be used as a reinforcement for a PC pile or a PC pole
prepared by autoclave curing method, and more particularly,

to improvements in its straightness and pressure-formability.

In recent vears, the use'éf PC steel wires or rods
having a low relaxation has been keenly desired in PC piles
or ?C poles produced by autoclave curing method. Known
methods for reducing relaxation caﬁ be roughly divided into
two g£oups, i.e., a method which comprises the addition of
alloy elements to a steel wire or rod material to exert an
effect of intensifying solid solution or deposition, and a
method which comprises tensile working or bending working to
intensify strain aging, as disclosed in JP-B-51-7145 and
JP-B-62-49334 (The term "JP-B" as used herein means an
"examined Japanese patent publication"). More recently,
these methods have been used in combination, for example, the
improved method disclosed in JP-A-64-65232 (The term "JP-A"
as used herein means an "unexamined published Japanese patent
application").

When the relaxation is drastically reduced by the

conventional methods, PC steel wires or rods produced
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In recent years, the use of PC steel wres or rods having a |ow rel axation
has been keenly desired in PC piles or PC poles produced by autocl ave
ctiri ng method. Known nethods for reducing rel axation can be roughly
divided into two groups, i.e., a nethod which conprises the addition of

all oy elements to a steel wire or rod naterial to exert an effect of

I ntensifying solid solution or deposition, and a nethod which conprises
tensile working or bending working to intensify strain aging, as disclosed
in JP-B-51-7145 and JP-B-62-49334 (The term "JP-B" as used herein neans an
"exam ned Japanese patent publication"). Mre recently, these nethods have
been used in conbination, for exanple, the inproved nethod disclosed in
JP- A- 64- 65232 (The term "JP- A"

particularly by heat treatment are seriously disadvantageous
in that they suffer from deterioration of straightness,
pressure~formability, etc.

The straightness is a property defined by the height
of warpage of a PC steel wire or rod héving a length of 1.5
meter. In a heat treatment process including wo;king in a
hot zone, straightness can hardly be given to PC steel wires
or rods. These PC steel wires or steel rods thus have a poor
straightness before being wound. - Further, since PC steel
wires or rods are stored wound in a coil, they suffer from
deterioration of straightness with the passage of time due to
curling. Therefore, the deterioration of straightness
becomes larger when the outdoor temperature is higher, e.qg.,
in the summer season. Steel materials having a poor
straightness cannot smoothly roll over an inclined table in a
cutting machine and a terminal working machine in the
production of PC piles or PC poles and thus can be caught by
the machine or come off the conveyor roll. As a result,
these steel materials often terminate the operation of
unmanned automatic working machine, impairing the production
efficiency.

The pressure-formability indicates the mechanical
properties of hot- and pressure-formed portion (head portion)
as an anchorage with which a PC steel wire or rod is
prestressed. In this respect, prior art PC steel wires or

rods have the following disadvantages: A large amount of
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$ used herein neans an "unexam ned published Japanese patent

bpl i cation"). When the relaxation is drastically reduced by the
bnventi onal nethods, PC steel wires or rods produced

articularly by heat treatnent are seriously di sadvantageous in that they
uf fer fromdeterioration of straightness,

silicon is incorporated in the steel material as an alloy
element for the purpose of improving the relaxation
properties thereof. Therefore, the working properties,
including electrical conductivity, are changed, making the
mechanical properties of the pressure-formed portion
unstable. In some detail, the pressure-formed portion
sometimes undergoes brittle fracture shortly before or after
the predetermined stretching load is reached upon. This
accident is a serious problem that not only makes a PC pile
or pole to turn out a failure but also jeopardizes the safety
of workers involved in stretching. The present invention has

been worked out to solve these problems.

An object of the present invention is to provide a PC
steel wire or rod having an excellent straightness and
pressure-formability.

The above and other objects of the present invention
can be accomplished by a PC steel wire or rod having an
excellent straightness and pressure-formability, the wire or
rod being prepared by a process which comprises:

heating a steel wire or rod;

annealing the wire or rod while being simultaneously
provided with a tensile stress of from 6 to 14% of the
proportional limit at the ambient temperature and a minute

bending strain of from 0.1 to 0.5% of the proportional limit
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ressure-formability, etc. The straightness is a property defined

y the height of warpage of a PC steel wire or rod having a length of 1.5
ter. In a heat treatnent process including working in a hot zone,
trai ghtness can hardly be given to PC steel wires or rods. These PC steel

ires or steel rods thus have a poor gtraightness before being wound.
Rurther, since PC steel wres or rods are stored wound in a coil, they
guffer from deterioration of straightness with the passage of tinme due to
curling. Therefore, the deterioration of straightness becones |arger when
tlhe outdoor tenperature is higher, e.g., in the sumer season. Steel

mat eri al s having a poor straightness cannot snoothly roll over an inclined
tlable in a cutting machine and a term nal working machine in the

at the ambient temperature, in the annealing temperature
range or in a cooling step; and

quenching the wire or rod,

the steel wire or rod comprising 0.20 to 0.40% by .
weight of C, 1.00 to 1.40% by weight of Si, 0.60 to 0.350% by
weight of Mn, 0.04 to 0.06% by weight of Mo, 0:;0 to 0.30% by
weight of Cr, and the balance of iron, with unavoidable
impurities.

Fig. 1 is a schematic diagram of an apparatus for
producing the product of the present invention;

Fig. 2 is a graph illustrating the straightness
change with time after winding in a coil; and

Fig. 3 is a graph illustrating the pattern of load-
elongation curves developed when the pressure-formed portion
is fractured.

Numeral 1 denotes a pinch roll; 2 denotes a hardening
heater; 3 denotes a water-cooling nozzle; 4 denotes a pinch
roll; 5 denotes an annealing heater; 6 denotes a vertical
direction correcting roll;

7 denotes a longitudinal direction

correcting roll; 8 denotes a water-cooling nozzle; and 9

denotes a pinch roll. Symbol W denotes a steel material.
In the present invention, the improvement of
relaxgtion is accomplished by the technique developed by the

present inventors, as disclosed in JP-A-64-65232, which
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production of PC piles or PC poles and thus can be caught by the nmachi ne
gr cone off the conveyor roll. As a result, these steel materials often

tlerm nate the operation of unmanned autonmatic working machine, inpairing
tlhe production efficiency. The pressure-formability indicates the
mechani cal properties of hot- and pressure-fornmed portion (head portion)

as an anchorage with which a PC steel wire or rod is prestressed. In this
riespect, prior art PC steel wires or rods have the foll ow ng
di sadvant ages: A | arge anount of - 2-

features that the continuous application of a small tensile
stress and a minute bending strain the material in the
annealing temperature range or in a cooling step provides a
synergistic effect of the tensile stress and the bending
strain that drastically improves the anti-high temperature
relaxation characteristics. Further, since the bending of
the material can be minimized, the reduction of uniform
elongation and straightness can be prevented. Thus, the
resulting uniform elongation and straightness are more than
3.5% and less than 2.5 mm, respectively, attaining a high
guality. In other words, a countermeasure has been attained
for straightness in hot working.

The present invention attains further improvements in
straightnéss and pressure-formability by improving the
composition of the material of the steel wire or rod on the
basis of the foregoing technigue.

The improvement in straightness is accomplished on
the basis of a knowledge that when a slight amount of alloy
elements capable of improving the hardenability of the
material is incorporated in the material paying attention to
straightness developed upon hardening, a uniform
hardenability can be obtained, attaining an excellent
straightness. The incorporation of these alloy elements
keeps the level of straightness high and minimizes the

dispersion of straightness shortly before working in the hot
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|licon is incorporated in the steel material as an alloy elenment for the
ur pose of inproving the relaxation properties thereof. Therefore, the

pr ki ng properties, including electrical conductivity, are changed, making
ne mechanical properties of the pressure-forned portion wunstable. In

bre detail, the pressure-formed portiog sonetinmes undergoes brittle
acture shortly before or after the predetermned stretching load is

eached upon. This
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range, i.e., annealing range, making it possible to improve
the straightness before winding.

Further, a countermeasure has been considered against
the deterioration of straightness due to curling after
winding on the basis of a knowledge that the curling is
attributed to a fully-decarbonized layer produced annularly
on the product. That is, the content of Si is reduced to
suppress the production of a fully-decarbonized layer and
hence inhibit the deterioration of ‘straightness.

With respect to the improvement of pressure-
formability, the pressure-formed portion which is susceptible
to brittle fracture under low load. As a resuit, it has been
found that both the breaking load and breaking extension are
remarkably small on the load-extension curve of the pressure-
formed portion. Thus, elements useful for the improvement of
high temperature strength and fracture toughness of the
pressure-formed portion are incorporated in the material to
improve the mechaﬁical properties thereof.

The composition of the steel material for the steel
wire or rod will be described hereinafter.

The content of C (carbon) is from 0.20 to 0.40% by
weight. If the content of carbon falls below 0.20% by
weight, a strength necessary for hardening cannot be
obtained. If the content of carbon exceeds 0.40% by weight,

it deteriorates the weldability and toughness of the product.
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wccident is a serious problemthat not only nakes a PC pile or pole to

aq

tturn. out a failure but also jeopardizes the safety of workers involved in
stretching. The present invention has been worked out to sol ve these

pr obl ens. An object of the present invention is to provide a PC
gteel wire or rod having an excellent gtrai ghtness and
pressure-formability. The above and other objects of the present
ilnventi on can be acconplished by a PC steel wire or rod having an
gxcel l ent straightness and pressure-formability, the wire or rod being
prepared by a process which conprises: heating a steel wire or rod;
dnnealing the wire or rod whil e being simnmultaneously

The content of Si (silicon) is from 1.00 to 1.40% by
weight. The increase in the content of Si thermodynamically
gives a rise to the carbon activity and thus helps cause
decarbonization. Therefore, the content of Si is made less
than that of conventional low relaxation products (1.5 to
2.0% by weight). If this content falls below 1.00% by
weight, the high témperature relaxation value of Ehe product
gets above the upper limit (8%) after autoclaving. If this
content exceeds 1.40% by weight, a fully-decarbonized layer
is annularly formed on the products, causing a deterioration
in the straightness thereof after winding.

The content of Mn (manganese) is from 0.60 to 0.90%
by weight. Mn not only is an element necessary as a
deoxidizer but also enhances the strength of the material
upon gquenching.

The content of Cr (chromium) is from 0.10 to 0.30% by
weight. Cr enhances the hardenability upon quenéhing to
maximize and uniformalize the.straightness after quenching.
Cr is added also to enhance the high temperature strength
upon hot pressure-forming. If the content of Cr exceeds
0.30% by weight, the resulting product exhibits a reduced
weldability that leads to a.rise in the cost of raw material.
Therefore, the content of Cr is reduced to the minimum
necessary value.

The content of Mo (molybdenum) is from 0.04 to 0.06%
by weight. Mo is added to drastically improve the fracture

heet Has Been Replacec

R




p
at

of

=

ovided with a tensile stress of from6 to 14% of the proportional limt

the anbient tenperature and a mnute bending strain of from0.1 to 0.5%
the proportional limt - 3-

toughness of the pressure-formed portion. If the content of
Mo falls below 0.04% by weight, the resulting improvement is
reduced. On the contrary, if the content of Mo exceeds 0.06%
by weight, it doesn’t add to the improvement too much.

The present invention will be further described by
referring to the following examples, but is not construed as
being limited thereto.

In the examples described later, samples to be tested
corresponding to odd-shaped PC steel rod having a diameter of
9.2 mm as defined in JIS G 3109 were prepared from steel
materials containing additive elements by using an apparaﬁus
shown in Fié. l. In Fig. 1, a steel material W is
continuously passed through various steps by means of pinch
rolls 1, 4, and 9 which serve as feeding means as well as
tensile stress profiding apparatus. These pinch rolls are
each composed of one or more pairs of rollers. These pinch
rolls have different diameters and thus give different
circumferential speeds and the roller pressure in these pinch
rolls are properly selected so that a predetermined tensile
stress can be appliéd across two adjacent pinch rolls.

At first, the steel material which has been passed by
the pinch roll 1 is sent to a hardening heater 2 where it is
heated to a hardeniﬁg temperature, and then the steel
material is then cooled by a water-cooling nozzle 3. The
quenched steel material is then passed to the subsequent

steps while being given a predetermined tensile stress across
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t the anbient tenperature, in the annealing tenperature range or in a

ool ing step; and quenching the wire or rod, the stee

ire or rod conprising 0.20 to 0.40% by weight of C, 1.00 to 1.40% by
ight of Si, 0.60 to 0.90% by weight of Mh, 0.04 to 0.06% by wei ght of
, 0.10 to 0.30% by weight of Cr, ang the bal ance.of iron, with

navoi dabl e inpurities. Fig. 1 is a schematic diagramof an
pparatus for producing the product of the present invention;

ig. 2 is a graph illustrating the straightness change with tine after
inding in a coil; and Fig. 3 is a graph illustrating the pattern
f | oad-

the pinch rolls 4 and 9. Under such conditions, the steel
material W is heated by an annealing heater 5, given a minute
bending strain by vertical direction correcting rolls 6 and
lengitudinal direction correctiﬁg roll 7 which crosses the
rolls 6, rapidly cooled by a water-cooling nozzle 8, and then
taken off by the take-off pinch roll 9.
EXAMPLE 1

Using the foregoing apparatus, steel materials
(Samples a and b) containing the following chemical
components (unit: percent by weight) were subjected to
quenching alone under the same heat treatment conditions to
prepare samples. Another batch of these steel materials were
subjected to quenching, annealing, hot woiking and cooling in
sequence to prepare samples. The quenching temperature was
950°C. The annealing was effected at an optimum temperature
such that a tensile strength of 1,470 N/mm? was attained.
During the anneéling, the steel material was hot-worked at a
tensile stress of 76 N/mm? and a bending strain of 0.4%.
This tensile stress value is 10 to 11% of the proportional
limit (686 to 785 N/mm?) at the annealing temperature. The

following examples used the same conditions.

Sample C Si Mn Mo Cr
a 0.30 1.12 0.80 <0.01 0.02
b 0.31 1.06 0.79 0.04 0.25
s Sheet Has Been Replaced EHS S*w._"-, N0 Gty :
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ongation curves devel oped when the pressure-forned portion is fractured.
uynmeral 1 denotes a pinch roll; 2 denotes a hardening heater; 3 denotes a
at er - cooling nozzle; 4 denotes a pinch roll; 5 denotes an annealing

pater; 6 denotes a vertical direction correcting roll; 7 denotes a

bngi tudi nal direction correcting roll1o 8 denotes a water-cooling nozzle;
nd 9 denotes a pinch roll. Synbol Wdenotes a steel material.

n the present invention, the inprovenent of relaxation is acconplished by
ne techni que devel oped by the present inventors, as disclosed in

P- A- 64- 65232, whi ch , -4-

These samples were then examined for straightness.

The results are set forth in Table 1 below.
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features that the continuous application of a small tensile stress and a
m.nute bending strain the material in the annealing tenperature range or
in a cooling step provides a synergistic effect of the tensile stress and
the bending strain that drastically inproves the anti-high tenperature
rel axation characteristics. Further, silice the bendi ng of
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the-material can be m nimzed, the reduction of uniform elongation and
strai ght ness can be prevented. Thus, the resulting uniformelongation and
strai ghtness are nore than 3.5%and less than 2.5 mm respectively,
attaining a high quality. In other words, a counterneasure has been
attained for straightness in hot work2ng. The present invention
attains further inprovenents in straightness and pressure-formability by
nproving the conposition of the material of the steel wire or rod on the
basi s of the foregoing technique. The inprovenent in straightness
s acconplished on the basis of a know edge that when a slight anmount of
al | oy el enents capable of inproving the hardenability of the material is

ncorporated in the material paying attention to
The table shows that the sample which has been

subjected to not only quenching but also subsegquent heat
treatment exhibits a better straightness than the other
sample which has been subjected to quenching alone. Further,
Sample b which has greater Mo and Cr contents, exhibits a
better straightness than Sample a.
EXAMPLE 2

It has been known that conventicnal low relaxation
products exhibit a reduced straightness due to curling after
being wound in a coil. In oxder fé investigate the cause of
the defect, samples were prepared from steel materials
(Samples ¢ and d) containing the following chemical
compcnenté (unit: percent by weight). Sample ¢ was a
conventional low relaxation pfbduct, and Sample g waé a

conventional ordinary relaxation product.

Sample C Si Mn Mo Cr
c 0.31 1.66 0.79 <0.01 0.03
d 0.31 0.25 0.80 <0.01 0.02

The samples were prepared by deforming and heat-
treating a steel bar of 9.15 mm in diameter made from a wire
rod of 10 mm in diameter. The hardening temperature was 3900
to 1,000°C. The annealing was effected at an optimum
temperature such that a tensile strength of 1,470 N/mm? was
attained. Sample ¢ was hot-worked in the same manner as
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strai-ght ness devel oped upon hardening, a uniform hardenability can be
obt ai ned, attaining an excellent straightness. The incorporation of these
all oy elements keeps the |evel of straightness high and mnimzes the

di spersion of straightness shortly before working in the hot

- P- 13

effected in Example 1 during annealing. These materials to
be tested were wound in a coil. The change of straightness
(average of 10 specimens) with time was then examined. The

results are set forth in Table 2 below.

TABLE 2
Straightness
Straightness after winding
Sample before winding (7 _days)
(mm) (mm)
c 0.6 2.0
d 0.5 0.6

Thus, it was confirmed that Sample ¢ as a low
relaxation product exhibits a gross straightness change with
the passage of time after being wound. 1In order to fully
investigate the cause of the defect, the microstructure of
the section of these materials to be tested were observed.
As a result; Sample d as an ordinary reléxation product
showed no fully-decarbonized layer. On the contrary, Sample
£ as a low relaxation product showed an annularly formed
fully-decarbonized layer having a thickness of 20 to 40 um.

In general, when a steel material is subjected to
heat treatment involving, e:g., rapid heating and quenching

by means of the apparatus shown in Fig. 1, no fully-

decarbonized layer is produced. Sample ¢ already produced
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rrange, i.e., annealing range, nmaking it possible to inprove the
gtrai ght ness before w ndi ng. Further, a counterneasure has been
donsi dered agai nst the deterioration of straightness due to curling after
Wi ndi ng on the basis of a knowl edge that the curling is attributed to a
flul | y- decar boni zed | ayer produced annuliarly on the product. That is, the
gontent of Si is reduced to suppress the production of a

flul | y-decar boni zed | ayer and hence inhibit the deterioration of

gt rai ght ness. Wth respect to the inprovenent of pressure-
flormability, the pressure-forned portion which is susceptible to brittle
fracture under low |oad. As a result, it has been

the similar fully-decarbonized layer when it was in the state
of wire material before heat treatment.
A wire material having the same chemical components

as Sample ¢ was shaved to fully remove fully-decarbonized

layer, and then subjected to heat treatment in the same
manner as above. The wire material was then wound in a coil.
The wire material was then examined for straightness change
with time.

As a result, it was confirmed that the wire material
exhibits a straightness of 0.6 mm before being wound but
exhibits a straightness of 0.7 mm 7 days after being wound,
showing little or no straightness change with time.

It can therefore be presumed that the deterioration
of straightness due to curling means plastic deformation due
to a remarkablé drop of the strength of the surface layer
which is fully decarbonized.

EXAMPLE 3

It was thus made clear that the fully-decarbonized
layer has a great effect on the straightness after winding.
Various methods for preventing the production of fully-
decarbonized layer were studied. In the preduction of PC
steel wire and steel rod, the prevention of the production of
fully-decarbonized layer between steelmaking and rolling
requires a huge plant and equipment investment and thus is
undesirable in industrial production. Further, the removal

of fully-decarbonized layer by shaving is disadvantageous in

P —— e ey
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f ound that both the breaking | oad and breaki ng extension are remarkably
smal | on the | oad-extension curve of the pressure- fornmed portion. Thus,
el ements useful for the inprovenent of high tenperature strength and
fracture toughness of the pressure-forned portion are incorporated in the

material to inprove the nechanical plBperties thereof. The
conposition of the steel material for the steel wre or rod will be
descri bed hereinafter. The content of C (carbon) is fromO0.20 to

D. 40% by weight. If the content of carbon falls bel ow 0.20% by weight, a
strength necessary for hardening cannot be obtained. If the content of
carbon exceeds 0.40% by weight, it deteriorates the weldability and

t oughness of the product.

that it causes a drop in the production yield and hence a

rise in the production cost. Therefore, the inventors

proposed that the production of an annularly-formed fully-
decarbonized layer be inhibited by adjusting the chemical

components in the steel material.

In general, it has been said in the art that the
production of fully-decarbonized layer relates to the
activity of carbon and the rise in the carbon and silicon
contents dynamically raises the activity of carbon,
accelerating decarbonization. Carbbn is a basic element for
heat treatment, and the change in the carbon content has a
great effect on the hardening strength, etc. Silicon is an
element which is very‘useful for the improvement of
relaxation properties. Focusing the relationship among the
silicon content, the production of fully-decarbonized layer
and the relaxation properties, the following experiments were
made.

Steel materials (Samples a, e, £, and g) containing
the following chemical components (unit: percent by weight)
having a diameter of 10 mm were each deformed and drawn into
a material having a diameter of 9.2 mm, and then subjected to
heat treatment using the apparatus shown in Fig. 1. The
quenched temperature was 930 to 1,000°C. The annealing
temperature was adjusted depending on the chemical components
in the material so that the tensile strength was

uniformalized to almost the same level. These steel
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6- - The content of Si (silicon) is from1.00 to
40% by weight. The increase in the content of Si thernodynam cally
ives a rise to the carbon activity and thus hel ps cause decarboni zati on.
herefore, the content of Si is made |ess

16

O o 1

materials were hot-worked under the same conditions at a

tensile stress of 76 N/mm? and a bending strain of 0.4%.

Sample a was the same as used in Example 1.
Sample C Si Mn Mo Cxr
e 0.30 0.95 0.80 <0.01 0.03
a 0.30 1.12 0.80 <0.01 --0.02
£ 0.31 1.38 0.77 <0.01 0.02

g 0.31 1.58 0.75 <0.01 0.06

The samples thus obtained were then measured for
mechanical properties, presence of decarbonized layer and
relaxation value. The various testing conditions were as
follows:

1. Mechanical properties

These materials to be tested were each subjected to
tensile test defined in JIS G 3109 to determine its tensile
strength, yield point and elongation.

2. Presence of fully-decarbonized layer

A sample was egch collected at an arbitrary position

on these samples. The section of the sample was observed

under an optical microscope.
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t han that of conventional |ow relaxation products (1.5 to 2.0% by weight).
If this content falls below 1.00% by weight, the high tenperature

rel axati on val ue of the product gets above the upper limt (8% after
autoclaving. If this content exceeds 1.40% by weight, a fully-decarbonized
ayer is annularly formed on the proddcts, causing a deterioration in the
st rai ght ness thereof after w nding. The content of M (nmanganese)
s from0.60 to 0.90% by weight. M not only is an el enent necessary as a
deoxi di zer but al so enhances the strength of the material upon quenching.
The content of C (chromum is fromO.10 to 0.30% by weight. C enhances
the hardenability upon quenching to maxim ze and unifornmalize the

s$trai ghtness after quenching.
3. Relaxation

Initial load: 39.8 kN

Loading method: The initial load is reached in 1
minute, immediately followed by the rise in temperature as
well as measurement.

Tempefature history: The sample is heated to a
temperature of 180°C in 4 hours, kept at the same temperature
for 3 hours, and then allowed to cool in the furnace.

Relaxation: The relaxation value determined 23 hours
after the beginning of the rise iﬂ.the temperature is defined
as high temperature relaxation wvalue.

The results obtained are set forth in Table 3 below.
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Ther ef or e,

(%)

relaxation value

Thickness

Form

(nm)
5 - 15

(%)

Elongation

point
(N/mm?)

strength
(N/mm¢)

‘Sample

.1

scattered

9.5

1,409

1,475

7

1,408 10.0 about 1/3 of 10 - 15

1,460

periphery

1,445 ‘9.5 about 2/3 of 15 - 20

1,484

periphery

20 - 40

all around

9.5

1,468

1,492

is added al so to enhance the high tenperature strength
If the content of O exceeds
osul ting product exhibits a reduced weldability that
the content of Cr
The agntent of M (nol ybdenum
Mo is added to drastically inprove the fracture

pexiphery

0. 30% by wei ght,
|eads to a rise in
is reduced to the

upon hot
t he
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pughness of the pressure-forned portion. If the content of M falls bel ow
04% by weight, the resulting inprovenent is reduced. On the contrary, if
ne content of Mb exceeds 0.06% by weight, it doesn't add to the

Tprovenent too much. The present invention will be further
escribed by referring to the foll ow mg exanples, but is not construed as
ping limted thereto. In the exanpl es described |ater, sanples to
> tested corresponding to odd-shaped PC steel rod having a dianeter of

2 mmas defined in JIS G 3109 were prepared from st eel

Table 3 shows that the less the silicon content is,
the more sparsely lies the annularly formed fully-
decarbonized layer, and the less is the thickness thereof.
It was also found that the less the silicon contént is, the
more is the high temperature relaxation wvalue. When the
silicon content is 0.95%, the high temperature relaxation
value exceeds 8%, which is the predetermined upper limit of
the high temperature relaxation value of PC steel rod
obtained by the autoclave.method.

These materials to be tested were each subjected to
heat treatment, and then wound in a coil (inner diameter:
2,000 mm). These materials were then measured for
straightness change with the passage of time. The results
are graphically shown in Fig. 2. As shown in the graph, the
less the fully-decarbonized layer is, the less is the
deterioration of straightness. Sample £ (silicon content:
1.38%) satisfies the expected limit of straightness upon
ordinary use (2.0 mm).

EXAMPLE 4

Conventionai low relaxation products rarely undergo
brittle fracture at pressure-formed portions under a low load
during stretching. Therefore, the load-elongation curve of
pressure-formed portion was.extensively studied. As a .
result, it was found tﬁat the load-elongation curve can be
classified into three patterns (A to C) as shown in Fig. 3.

Pattern A exhibits a very small breaking load as well as a
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materials containing additive elenents by using an apparatus shown in Fig.
1. In Fig. 1, a steel material Wis continuously passed through vari ous
5teps by nmeans of pinch rolls 1, 4, and 9 which serve as feeding neans as
Wwel | as tensile stress providing apparatus. These pinch rolls are each
conposed of one or nore pairs of rollgps. These pinch rolls have different
di anmeters and thus give different circunferential speeds and the roller
bressure in these pinch rolls are properly selected so that a
bredeterm ned tensile stress can be applied across two adjacent pinch
rol|s. At first, the steel material which has been passed by the
pinch roll 1 is sent to a hardening heater 2 where it is heated to a

nar deni ng tenperature, and then the steel material is then cooled by a

vat er - cool iverynemalle Slondetion. Pattern B exhibits a higher breaking

load as well as a higher elongation. Pattern C exhibits an
even higher breaking load as well as an even higher
elongation, showing excellent mechanical properties.

Steel materials containing the following chemical
components (unit: percent by weight) having a diameter of 10
mm were each deformed and drawn into a sample having a
diameter of 9.2 mm using the apparatus shown in Fig. 1.
These samples were each subjécted to tensile test at
pressure-formed portion. For the'heat treatment of samples,
the quenching temperature was 930 to 1,000°C. The annealing
was effected at an optimum temperature such that a tensile
strength of 1,470 N/mm? was attained. During annealing, the

samples were each hot-worked under the same conditions as in

Example 1.
Sample c Si Mn Mo Cr
a 0.30 1.12 0.80 <0.01 0.02
b 0.31 1.06 0.79 0.04 0.25
h 0.30 1.33 0.80 0.06 0.17
i 0.29 1.10 0.77 0.06 0.03

For the tensile tesf, a horseshoe testing plate was
prepared on the basis of the shape of an end plate for use
with PC pile. The foregoing materials to be tested were each

pressure-formed under the same pressure-forming conditions as

iThis Sheet Has Been Replacex
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guenched steel material is then passed to the subsequent steps while being
gi ven a predeterm ned tensile stress across t he pinch
rolls 4 and 9. Under such conditions, the steel naterial Wis heated by an
anneal i ng heater 5, given a mnute bending strain by vertical direction
correcting rolls 6 and |ongitudinal @rection correcting roll 7 which
Crosses the '

the testing plate. The load-elongation curves were recorded
on an autographic recording chart mount on the testing
machine. These curves were each classified into the three
patterns shown in Fig. 3. The results are set forth in Table

4.

TABLE 4

Pattern of

Sample Run No. Tensile load load-elongation curve
(kN) _

45.1
59.8
8l.4

S0.7
91.7
91.7

wr W N =

91.2
91.7
91.2

90.2
S0.2
80.7

NOn 0NN oow W

W N = LN =

Table 4 shows that the fracture toughness of the
pressure-formed portion is improved by adding a small amount
of Mo. Further, if Cr is added in combination with a small
amount of Mo, not only the toughness but also the tensile
strength of the pressure-formed portion are improved. It is
considered that the high temperature strength is improved by

the qddition of Cr.
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bl I's 6, rapidly cooled by a water-cooling nozzle 8, and then taken off by
ne take-off pinch roll 9. EXAMPLE 1

5i ng the foregoi ng apparatus, steel nmaterials (Sanples a and b)

pbnt ai ning the foll owi ng chem cal conponents (unit: percent by weight)

ere subjected to quenching alone unde2 t he sanme heat treatnent conditions
D prepare sanples. Another batch of these steel materials were subjected
b quenchi ng, annealing, hot working and cooling in sequence to prepare
anpl es. The quenching tenperature was 950[err]C. The anneal i ng was

fected at an optinumtenperature such that a tensile strength of 1,470
mierr] was attained. During the annealing, the steel material was

pt -worked at a tensile stress of 76 NNmmierr] and a bendi ng strain of

4% As mentioned above, PC steel wire or rod of the

present invention suffers from minimized deterioration of
straightness, particularly after being wound in a coil, and
thus can be prevented from being caught in automatic working
machines. Further, the PC steel wire or rod of the present
invention exhibits drastic improvements in quality,
particularly strength and toughness, of pressure-formed
portion in the pressure-forming process popular among the
manufacturers of PC piles and poles. Thus, the PC steel wire
or rod of the present invention céﬁ be preQented from
suffering brittle fracture at pressure-formed portion upon
stretching, providing an enhancement of working reliability.
Therefore, when the products of the present invention
are applied to the production of high strength PC piles whose
predetermined upper limit of high temperature relaxation
value is 8%, which have rapidly become popular, the
production efficiency of cutting machine and automatic

working machine can be enhanced.
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This tensile stress value is 10 to 11% of the proportional Iimt (686 to
785 N mmi-err})-at t-he—anneafti ng tenperature. The follow ng exanples used

oo sar m‘mmﬂm “Mngﬂmsiwlze 0.80 " <001 ooz b

0 31 0.2523 - 9-

CLAIMS

1. A PC steel wire or rod having an excellent
straightness and pressure-formability, said wire or rod
being prepared by a process which comprises:

heating a steel wire or rod;

annealing said wire or rod while being
simultaneously provided with a tensile stress of from 6 to
14% of the proportional limit at. the ambient temperature and
a minute bending strain of from 0.1 to 0.5% of the
proportional limit at the ambienﬁ temperature, in the
annealing temperature range or in a cooling step; and

quenching said wire or rod,

said wire or rod comprising 0.20 to 0.40% by weight
of C, 1.00 to 1.40% by weight of 8i, 0.60 to 0.90% by weight
of Mn, 0.04 to 0.06% by weight of Mo, 0.10 to 0.30% by
weight of Cr, and the balance of iron, with unavoidable

impurities.

2. A PC steel wire or rod substantially as
hereinbefore described with reference to any one of Examples

1 to 4 and the corresponding drawings.

Shﬁt\
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These sanpl es were then exam ned for straightness.

_forth in Table 1 bel ow.

(T
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ABSTRACT
PC STEEL WIRE OR ROD

A PC steel wire or rod having an excellent
straightness and pressure-formability is disclosed, an
apparatus for producing the wire or rod being s@qwn
schematically in Fig. 1. The wire or rod is prepared by a
process which comprises: heating a steel wire or rod;
annealing the wire or rod while being simultaneously
provided with a tensile stress of'from 6 to 14% of the
proportional limit at the ambient temperature and a minute
bending strain of from 0.1 to 0.5% of the proportional limit
at the ambient temperature, in the annealing temperature
range on in a cooling step; and queﬁching the wire or rod.
The wire or rod comprises 0.20 to 0.40% by weight of C, 1.00
to 1.40% by weight of Si, 0.60 to 0.90% by weight of Mn,
0.04 to 0.06% by weight of Mo, 0.10 to 0.30% by weight of

Cr, and the balance of iron, with unavoidable impurities.

FIGURE 1
R, ——" st E”:-\: l'l)‘\\\) 8
(his Sheet Has Been TH\S REPLAGED

The results are set



This Sheet Has Been R

Hll i Ill Illl




10 -

-]
-4 >
o™
<
- o
o
wa
o~
. S
'H o
. T ow
&
DH G o 5
¢ 00 o
~ o~~~ o)
20,0 o
EEEE
O d
nunnan
o<1
—
]
H e
o
o 04
m 3
! 1 i [ 1
o. Lr.z (=1 Ln °. . w o
© T e\ o — - L]
{urur) ssaujybrexag
JThis Sheet Has

LT I"l




[errT The table shows that the sanple which has
been subjected to not only quenching but al so subsequent heat
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treatnént exhibits a better straightness than thé BEHSEEMENESHEET whi ch has

been subj ected to queriching al one. Further, Sa e b-whArThhasy gr eater
and Cr contents, exhibits a better straightnes th@n;?gﬁpt% a.
“&Paxatli on

EXAMPLE 2

br oducts exhibit a reduced strai ghtness due to curtrnmg—atter—LDai ng wound
nacoil. In order to investigate the cause of | the defect, sanplies were
brepared fromsteel materials (Sanples ¢ and d) contarntng-tie—F6l | owi ng

It has been known that conven oW

onal

chem cal conponents (unit: percent by weight). Sanple ¢ was a

tonventi onal

| ow rel axation product; and Sanple d was a conventi onal

br di nary rel axation product.

PC STEEL WIRE OR ROD

The present invention relates to a PC steel wire or
rod to be used as a reinforcement for a PC pile or a PC pole

prepared by autoclave curing method, and more particularly,

to improvements in its straightness and pressure-formability.

In recent vears, the use of PC steel wires or rods
having a low relaxation has been keenly desired in PC piles
or PC poles produced by autoclave curing method. Xnown |
methods for reducing relaxatibn can be roughly divided into
two groups, i.e., a method which comprises the addition of
alloy elements to a steel wire or rod material to exert an’
effect of intensifying solid solution or deposition, and a
method which comprises tensile working or bending working to
intensify strain aging, as disclosed in JP-B-51-7145 and
JP-B-62-49334 (The term “JP-B" as used herein means an
"examined Japanese patent publication”). More recently,
these methods have been used in combination, for example, the
improved method disclosed in JP-A-64-65232 (The term "JP-A"
as used herein means an “"unexamined published Japanese patent
application”).

When the relaxation is drastically reduced by the

conventional methods, PC steel wires or rods produced

\%e}
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The sanpl es were prepared by deform ng an
of 9.15 mmin dianeter nmade froma wire rod
The hardening tenperature was 900 to 1,.000C
ffected at an optimum tenperature such that a tensi
/ mierr] was

<0. 01 0. 03 d 0.31

attained. Sanple ¢ was hot-worked in the s

particularly by heat treatment are seriously disadvantageous
in that they suffer from deterioration of straightness,
pressure-formability, etc.

| The straightness is a property defined by the height
of warpage of a PC steel wire or rod having a length of 1.5
meter. In a heat treatment process including working in a
hot zone, straightness can hardly be given to PC steel wires
or rods. These PC steel wires or steel rods thus have a poor
straightness béfore being wound. Further, since PC steel

wires or rods are stored wound in a coil, they suffer from

.deterioration of straightness with the passage of time due to

curling. Therefore, the deterioration of straightness
becomes larger when the outdoor temperature is higher, e.g.,
in the summer season. Steel materials having a poor
straightness cannot smoothly roll over an inclined table in a
cutting machine and a.terminal working machine in the
production of PC piles or PC poles and thus can be caught by
the machine or come off the conveyor roll. As a result,
these steel materials often terminate the operation of
unmanned automatic working machine, impairing the production
efficiency.

The pressure-formability indicates the mechanical
properties of hot- and pressure-formed portion (head portion)
as an anchorage with which a PC steel wire or rod is
prestressed. In this respect, prior art PC steel wires or

rods have the following disadvantages: A large amount of



2ffected in Exanple 1 during annealing. These materi al ,sg}@ ,JgE tested were
wound in a coil. The change of straightness (averagefo Jsﬁétrqgns) i th
i me was then exam ned. The results are set forth inf Table ZNB@TOW»7

!°>°

Atn_lr—F<m

[ABLE 2 t rfai gt AEBSe
5t r ai ght ness after wi nding Sampl e béf ore w ndr F1r). f
7 days) “*“*~»%j

silicon is incorporated in the steel material as an alloy
element for the purpose of improving the relaxation
properties thereof. Therefore, the working properties,
including electrical conductivity, are changed, making the
mechanical properties of the pressure-formed portion
unstable. 1In some detail, the pressure-formed portion
sometimes undergoes brittle fracture shortly before or after
the predetermined stretching load is reached upon. This
accident is a serious problem that not only makes a PC pile
or pole to turn out a failure but also jeopardizes the safety
of workers involved in stretching. The present invention- has

been worked out to solve these problems.

An object of the present invention is to provide a PC
steel wire or rod having an excellent straightness and
pressure-formability.

The above and other objects of the present invention
can be accomplished by a PC steel wire or rod having an
excellent straightness and pressure-formability, the wire or
rod being prepared by a process which comprises:

heating a steel wire or rod;

annealing the wire or rod while being simultaneously
provided with a tensile stress of from 6 to 14% of the
proportional limit at the ambient temperature and a minute

bending strain of from 0.1 to 0.5% of the proportional limit




c- ' ’ 0.6 .- 2.0 d T
0. 6 Thus, it was confirnmed that Sanple c as B[ ax ?
product exhibits a gross straightness change with th aS§%9e of tlﬂE
after being wound. In order to fully investigate the fcduse “ofithesgl Ze

[ he m crostructure of the section of these material st e tested me
bbserved. As a result, Sanple d as an ordinary rel ax tlon produ

no fully-decarbonized Iayer On the contrary, Sanple W/relax
pr oduct showed an annularly formed fully-decarbonized |ayer having a
hi ckness of 20 to 40 [err]m In general, when a steel material is

subjected to heat treatnent involving, e.g., rapid heating and quenchi ng

i on

at the ambient temperature, in the annealing temperature
range or in a cooling step; and

guenching the wire or rod,

the steel wire or rod comprising 0.20 to 0.40% by
weight of C, 1.00 to 1.40% by weight of Si, 0.60 to 0.90% by
weight of Mn, 0.04 to 0.06% by weight of Mo, 0.10 to 0.30% by
weight of Cr, and the balance of iron, with una;oidable

impurities.

Fig. 1 is a schematic diagram of an apparatus for
producing the product of the present invention;

Fig. 2 is a graph illustrating the straightness
chapge with time after winding in a coil; and

Fig. 3 is a graph illustrating the pattern of load-
elongation curves developed when the pressure-formed portion
is fractured.

Numeral 1 denotes a pinch roll; 2 denotes a hardening
heater; 3 denotes a water-cooling nozzle; 4 denotes a pinch
roll; 5 denotes an annealing heater; 6 denotes a vertical
direction correcting roll; 7 denotes a longitudinal direction
correcting roll; 8 denotes a water-cooling nozzle; and 9

denotes a pinch roll. Symbol W denotes a steel material.

In the present invention, the improvement of
relaxation is accomplished by the technique developed by the

present inventors, as disclosed in JP-A-64-65232, which




by ‘means of the apparatwus shown in Fig. 1, no fully-
produced. Sanple c al ready produced
the simlar fully-decarbonized |ayer when it was int

bef ore heat treatnent.

mat eri al

gecarboni zed | ayer
FEPLAGEIEE S
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features that the continuous application of a small tensile
stress and a minute bending strain the material in the
annealing temperature range or in a cooling step provides a
synergistic effect of the tensile stress and the bending
strain that drastically improves the anti-high temperature
relaxation characteristics. Further, since the.bending of
the material can be minimized, the reduction of uniform
elongation and straightness can be prevented. Thus, the
resulting uniform elongation and straightness are more than
3.5% and less than 2.5 mm, respectively, attaining a high
quality. In other words, a countermeasure has been attained
for straightness in hot working.

The present invention attains further improvements in
straightness and pressure-~-formability by improving the
composition of the material of the steel wire or rod on the
basis of the foregoing technigque.

The improvement in straightness is accomplished on
the basis of a knowledge that when a slight amount of alloy
elements capable of improving the hardenability of the
material is incorporated in the material paying attention to
straightness developed upon hardening, a uniform
hardenability can be obtained, attaining an excellent
straightness. The incorporation of these alloy elements
keeps the level of straightness high and minimizes the

dispersion of straightness shortly before working in the hot

i's



A-wire raterial having.the same chem cal conponents E%~Sauple c was shaved

to fully remove fully-decarbonized |ayer, and then/s FP1~;@ I, t
treatnent in the sane manner as above. The wire mate Fafﬁﬁééﬂiﬁﬁﬁfmo nd in
a coil. The wire material was then exam ned for stfrai ghtness ¢ W t h
Lime. As a result, it was confirnmed that th V\f‘r’ef*‘i%tfe@j alf.

exhi bits a strai ghtness of 0.6 nm before bei ng wound exhi bitsja

strai ghtness of 0.7 nm 7 days after being wound, how ng |1 r /no

5t rai ght ness change with tine. It can there resumed that
the deterioration of straightness due to curling neans plasti rmation

jue to a remarkable drop of the strength of the surface |ayer which is
fully decarboni zed.
range, i.e., annealing range, making it possible to improve

the straightness before winding.

‘ Further, a countermeasure has been considered against
the deterioration of straightness due to curling after
winding on the basis of a knowledge that the curling is
attributed to a fully-decarbonized layer produced annularly
on the product. That is, the content of Si is reduced to
suppress the production of a fully-decarbonized layer and
hence inhibit the deterioration of straightness.

With respect to the improvement of pressure-

. formability, the pressure-formed portion which is susceptible
to brittle fracture under low load. As a result, it has been
found that both the breaking load and breaking extension are
remarkably small on the load-extension curve of the pressure-
formed portion. Thus, elements useful for the improvement of
high temperature strength and fracture toughness of the
pressure~formed portion are incorporated in the material to
improve the mechanical properties thereof.

The composition of the steel material for the steel
wire or rod will be described hereinafter.

The content of C (carbon) is from 0.20 to 0.40% by
weight. If the content of carbon falls below 0.20% by
weight, a strength necessary for hardening cannot be
obtained. 1If the content of carbon exceeds 0.40% by weight,

it deteriorates the weldability and toughness of the product.




EXAMPLE ‘3

| ayer has a great effect on the strai ghtness after
et hods for preventing the production of fully- dega bonlzea“TayeF
In the production of PC steel wire and stpel rodAitsheprefehtion
of the production of fully-decarbonized |ayer bet '
requi res a huge plant and equi pnment invesftnent an
undesirable in industrial production. Further, the

ul I y-decar boni zed | ayer by shaving is di sadvantageous in

st udi ed.

rolling

14

It .was thus nade clear that the f_

g Vhngng?

The content of Si (silicon) is from 1.00 to 1.40% by
weight. The increase in the content of Si thermodynamically
gives a rise to the carbon activity and thus helps cause
decarbonization. Therefore, the content of Si is made less
than that of conventional low relaxation products (1.5 to
2.0% by weight). 1If this content falls below 1.00% by
weight, the high temperature relaxation value of the product
gets above the upper limit (8%) after autoclaving. If this
content exceeds 1.40% by weight, a fully-decarbonized layer
is annularly formed on the products, causing a deterioration
in the straightness thereof after winding.

The content of Mn (manganese) is from 0.60 to 0.90%
by weight. Mn not only is an element necessary as a
deoxidizer but also enhances the strength of the material
upon gquenching.

The content of Cr (chromium) is from 0.10 to 0.30% by
weight. Cr enhances the hardenability upon quenching to
maximize and uniformalize the straightness after guenching.
Cr is added also to enhance the high temperature strength
upon hot pressure-forming. If the content of Cr exceeds
0.30% by weight, the resulting product exhibits a reduced
weldability that leads to a rise in the cost of raw material.
Therefore, the content of Cr is reduced to the minimum
necessary value.

The content of Mo (molybdenum) is from 0.04 to 0.06%

by weight. Mo is added to drastically improve the fracture



hat it causes a drop i.-n. the production yield and hengé-a rise in the

br oducti on cost. Thereféore, the inventors proposed {h adyction of
an annul arly-fornmed fully- decarboni zed | ayer be inpi
the chem cal conponents in the steel materi al

been said in the art that the production of fully-
nelates to the activity of carbon and the rise in

hé¢ car bon”did silfcon
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toughness of the'pressure—formed portion. If the content of
Mo falls below 0.04% by weight, the resulting improvement is
reduced. On the contrary, if the content of Mo exceeds 0.06%
by weight, it doesn’t add to the improvement too much.

The present invention will be further described by
referring to the following examples, but is not'construed as
being limited thereto.

In the examples described later, samples to be tested
corresponding to odd-shaped PC steel rod having a diameter of
9.2 mm as defined in JIS G 3109 were prepared from steel
materials containing additive elements by using an apparatus
shown in Fig. 1. 1In Fig. 1, a steel material W is
continuously paséed through wvarious steps by means of pinch
rolls 1, 4, and 9 which serve as feeding means as well as
tensile stress providing apparatus. These pinch rolls are
each composed of one or more pairs of rollers. These pinch
rolls have different diameters and thus give different
circumferential speeds and the roller pressure in these pinch
rolls are properly selected so that a predetermined tensile
stress can be applied across two adjacent pinch rolls.

At first, the steel material which has been passed by
the pinch roll 1 is sent to a hardening heater 2 where it is
heated to a hardening temperature, and then the steel
material is then cooled by a water-cooling nozzle 3. The
quenched steel material is then passed to the subsequent

steps while being given a predetermined tensile stress across




content$ dynamically raises the activity of carbon, age
decar boni zation. Carbon is a basic elenent for heat tr m J.he

change in the carbon content has a great effect on thejh deaLﬁ'36ﬁee ,
etc. Silicon is an elenent which is very useful for th nprovenénbwoﬁ /!

—

rel axation properties. Focusing the relationship anong ft ktnon
content, the production of fully-decarbonized |layer a dL&he_reIaxaf$
properties, the follow ng experinents were made. St eat~ ARt er,
Samples a, e, f, and g) containing the follow ng chem C onents
unit: percent by weight) having a dianeter of 10 nmm were each
and drawn into a material having a dianmeter of 9.2 mm and then subjected
to heat treatnment using the apparatus shown in Fig. 1. The

the pinch rolls 4 and 9. Under such conditions, the steel

material W is heated by an annealing heater 5, given a minute
bending strain by vertical direction correcting rolls 6 and
longitudinal direction correcting roll 7 which crosses the .
rolls 6, rapidly cooled by a water-cooling nozzle 8, and then
taken off by the take-off pinch roll 9.
EXAMPLE 1

Using the foregoing apparatus, steel materials
(Samples a and b) containing the following chemical
components (unit: percent by weight) were subjected to
quenching alone under the same heat treatment conditions to
prepare samples. Another batch of these steel materials were
subjected to quenching, annealing, hot working and cooling in
sequence to prepare samples. The quenching temperature was
950°C. The annealing was effected at an optimum temperature
such that a tensile strength of 1,470 N/mm? was attained.
During the annealing, the steel material was hot-worked at a
tensile stress of 76 N/mm? and a bending strain of 0.4%.
This tensile stress value is 10 to 11% of the proportional
limit (686 to 785 N/mm?) at the annealing temperature. The

following examples used the same conditions.

Sample C Si Mn Mo Cr
a 0.30 1.12 0.80 <0.01 0.02

b 0.31 1.06 0.79 0.04 0.25
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These samples were then examined for straightness.

The results are set forth in Table 1 below.
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teénsile stress of 76 N:amferr] and a bending strain of 0.4@p;“ﬂ3aqgue a was
the sane as used in Exanple 1. Sanmpl e ck L
Vb Cr e 0. 30 0. 95 0. 80
a 0. 30 1.12 0. 80 <0.01 0.02
1]38 0.77 <0.01 0.02 g 0.31
<(.01 0. 06 The sanpl es thus obtained were the
mechani cal properties, presence of decarbonized | ayer
val ue. The various testing conditions were as follows:
properties
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These naterials to be - tested were each subjected to
in JIS G 3109 to deterfiine its tensile strength, i
el ongation. 2. Presence of fully-decarbonized |aygr{
each collected at an arbitrary position on these
t he sanpl e was observed wunder an optical mcrosco

- 16 -

The table shows that the sample which has been
subjected to not only quenching but also subsequent heat
treatment exhibits a better straightness than the other
sample which has been subjected to quenching alone. Further,
Sample b which has greater Mo and Cr contents, exhibits a -
better straightness than Sample a.

EXAMPLE 2

It has been known that conventional low relaxation
products exhibit a reduced straightness due to curling after
being wound in a coil. In order to investigate the cause of
the defect, samples were prepared from steel materials
(Samples ¢ and d) containing the following chemical
components (unit: percent by weight). Sample c was a
conventional low relaxation product, and Sample d was a

conventional ordinary relaxation product.

Sample cC Si Mn Mo Cxr
c 0.31 1.66 0.79 <0.01 0.03
d 0.31 0.25 0.80 <0.01 0.02

The samples were prepared by deforming and heat-
treating a steel bar of 9.15 mm in diameter made from a wire
rod of 10 mm in diameter. The hardening temperature was 900
to 1,000°C. The annealing was effected at an optimum
temperature such that a tensile strength of 1,470 N/mm? was

attained. Sample ¢ was hot-worked in the same manner as

- 12 -~




PR ANEIENT SHEET
R J RRT Sis Il':l:)

3. 'Rel axation .+~ Initial load: 39.8 kN ,mﬁbﬁﬁrng di The
initial load is reached'in 1 mnute, imediately f oI Towed by the risg in
tenperature as well as neasurenent. Tenpel af ur29hiids G¥3h The
sanple is heated to a tenperature of 180[err]C in 4 hours, kept at tqe

sane tenperature

effected in Example 1 during annealing. These materials to
be tested were wound in a coil. The change of straightness
(average of 10 specimens) with time was then examined. The

results are set forth in Table 2 below.

TABLE 2
Straightness
Straightness after winding
Sample before winding (7 days)
() (rom.)
c 0.6 2.0
d 0.5 0.6

Thus, it was confirmed that Sample ¢ as a low
relaxation product exhibits a gross straightness change with
the passage of time after being wound. In order to fully
investigate the cause of the defect, the microstructure of
the section of these materials to be tested were observed.
As a result, Sample d as an ordinary relaxation product
showed no fully-decarbonized layer. On the contrary, Sample
€ as a low relaxation product showed an annularly formed
fully-decarbonized layer having a thickness of 20 to 40 um.

In general, when a steel material is subjected to
heat treatment involving, e.g., rapid heating and quenching
by means of the apparatus shown in Fig. 1, no fully-

decarbonized layer is produced. Sample ¢ already produced

- 13 -
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f or 3 hours, and then aliowed to cool in the furnacef REFLACEMENTRGHAXAL) ON:
The rel axation val ue determ ned 23 hours after the pegrnmng-et-t rji se
n the tenperature is defined as high tenperature reljaxatd gg;fygﬁue.

The results obtained are set forth in Table 3 bel ow 27 Aus 96

e S

the similar fully-decarbonized layer when it was in the state
of wire material before heat treatment.

A wire material having the same chemical components
as Sample ¢ was shaved to fully remove fully-decarbonized
layer, and then subjected to heat treatment in the same
manner as above. The wire material was then wound in a coil.
The wire material was then examined for straightness change
with time.

As a result, it was confirmed that the wire material
exhibits a straightness of 0.6 mm before being wound but
exhibits a straightness of 0.7 mm 7 days after being wound,
showing little or no straightness change with time.

It can therefore be presumed that the deterioration
of straightness due to curling means plastic deformation due
to a remarkable drop of the strength of the surface layer
which is fully decarbonized.

EXAMPLE 3

It was thus made clear that the fully-decarbonized
layer has é great effect on the straightness after winding.
Various methods for preventing the production of fully-
decarbonized layer were studied. In the production of PC
steel wire and steel rod, the prevention of the production of
fully-decarbonized layer between steelmaking and rolling
requires a huge plant and equipment investment and thus is
undesirable in industrial production. Further, the removal

of fully-decarbonized layer by shaving is disadvantageous in

- 14 -
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that it causes a drop in the production yield and hence a
rise in the production cost. Therefore, the inventors
proposéd that the production of an annularly-formed fully-
decarbonized layer be inhibited by adjusting the chemical
components in the steel material. _

In general, it has been.said in the art that the .
production of fully-decarbonized layer relates to the
activity of carbon and the rise in the carbon and silicon
contents dynamically raises the activity of carbon,
accelerating decarbonization. Carbon is a basic element for
heat treatment, and the change in the carbon content has a
great effect on the hardening strength, etc. Silicon is an
element which is very useful for the improvement of
relaxation properties. Focusing the relationship among the
silicon content, the production of fully-decarbonized layer
and the relaxation properties, the following experiments were
made.

Steel materials (Samples a, e, £, and g) containing
the following chemical components (unit: percent by weight)
having a diameter of 10 mm were each deformed and drawn into
a material having a diameter of 9.2 mm, and then subjected to
heat treatment using the apparatus shown in Fig. 1. The
quenched temperature was 930 to 1,000°C. The annealing
temperature was adjusted depending on the chemical components
in the material so that the tensile strength was

uniformalized to almost the same level. These steel

- 15 -
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materials were hot-worked under the same conditions at a
tensile stress of 76 N/mm? and a bending strain of 0.4%.

Sample a was the same as used in Example 1.

Sample c Si Mn Mo Cr
e 0.30 0.95 0.80 <0.01 0.03
a 0.30 1.12 0.80 <0.01 ° 0.02
f 0.31 1.38 0.77 <0.01 0.02
g 0.31 1.58 0.75 <0.01 0.06

The samples thus obtained were then measured for
mechanical properties, presence of decarbonized layer and
relaxation value. The various testing conditions were as
follows:

1. Mechanical properties

These materials to be tested were each subjected to
tensile test defined in JIS G 3109 to determine its tensile
strength, yield point and elongation.

2. Presence of fully-decarbonized layer

A sample was each collected at an arbitrary position
on these samples. The section of the sample was observed

under an optical microscope.

- 16 -




more i s the high tenperature relaxation value. Wen thﬁ;msw
0.95% the high tenperature relaxati on value exceeds Bg&mmh4ch is.1'hg
limt of the high tenperature rfelja 2 on val ue joff PC

pr edet er mi ned upper

steel rod obtained by the autoclave nethod.
t ested were each subjected to heat treatnent, and thdn‘mound in a.¢ofil
i nner dianmeter: 2,000 mm. These naterials were then nmeasured for

st rai ght ness change with the passage of tine. The J
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shown in Fig. 2. Ass shown in the graph, the Iless the fully-decarbonized
ayer is, the less is the deterioration of straightness. Sanple f (silicon
content: 1.38% satisfies the expected |imt of straightness upon

ordinary use (3.0 gfaxation

Initial load: 39.8 kN

Loading method: The initial load is reached in 1

minute, immediately followed by the rise in temperature as

well as measurement.

Temperature history: The sample is heated to a

temperature of 180°C in 4 hours, kept at the same temperature

for 3 hours, and then allowed to cool in the furnace.

Relaxation: The relaxation value determined 23 hours

after the beginning of the rise in the temperature is defined

as high temperature relaxation value.

The results obtained are set forth in Table 3 below.
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Table 3 shows that the less the silicon content is,
the more sparsely lies the annularly formed fully-
decarbonized layer, and the less is the thickness thereof.
It was also found that the less the silicon content is, the
more is the high temperature relaxation value. When the
silicon content is 0.95%, the high temperature relaxation
value exceeds 8%, which is the predetermined upper limit of
the high temperature relaxation value of PC steel rod
obtained by the autoclave method.

These materials to be tested were each subjected to
heat treatment, and then wound in a coil (inner diameter:
2,000 mm). These materials were then measured for o
straightness change with the passage of time. The results
are graphically shown in Fig. 2. As shown in the graph, the
less the fully-decarbonized layer is, the less is the
deterioration of straightness. Sample f (silicon content:
1.38%) satisfies the expected limit of straightness upon
ordinary use (2.0 mm).

EXAMPLE 4

Conventional low relaxation products rarely undergo
brittle fracture at pressure-formed portions under a low load
during stretching. Therefore, the load-elongation curve of
pressure-formed portion was extensively studied. As a
result, it was found that the load-elongation curve can be
classifiéd into three patterns (A to C) as shown in Fig. 3.

Pattern A exhibits a very small breaking load as well as a

- 19 -~




\Vnn{err] was attalned EUrlng anneal i ng, the
inder the same conditions as in Exanple 1

é & E
yﬁtﬁ“a@% 40 01

bi Mh Mo Cr a 0. 30

0. 02 b 0.31 1.06 0.79 0.04 -

9. 30 1.33 0. 80 0. 06 0.17 i A 0.77
0. 06 0.03 For the tensile test, a horseshoe test was
prepared on the basis of the shape of an end plate for use

very small elongation. Pattern B exhibits a higher breaking
load as well as a higher elongation. Pattern C exhibits an
even higher breaking load as well as an even higher
elongatioq, showing excellent mechanical properties.

Steel materials containing the following chemical
components (unit: percent by weight) having a diameter of 10
mm were each deformed and drawn into a sample having a
diameter of 9.2 mm using the apparatus shown in Fig. 1.
These samples were each subjected to temnsile test at
pressure-formed portion. For the heat treatment of samples,
the guenching temperature was 930 to 1,000°C. The anneqling
was effected at an optimum temperature such that a tensile
strength of 1,470 N/mm? was attained. During annealing, the

samples were each hot-worked under the same conditions as in

Example 1.
Sample C Si Mn Mo Cr
a 0.30 1.12 0.80 <0.01 0.02
b 0.31 1.06 0.79 0.04 0.25
h 0.30 1.33 0.80 0.06 0.17
i 0.29 1.10 0.77 0.06 0.03

For the tensile test, a horseshoe testing plate was
prepared on the basis of the shape of an end plate for use
with PC pile. The foregoing materials to be tested were each

pressure-formed under the same pressure-forming conditions as

- 20 -
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recorded on an autographic recording chart nount on thd t
These curves were each classified into the three R

The foregoing materials to be tested were.

g tIOI’] CUI’VGS We

WREHT he

the testing plate. The | oad-elon

the testing plate. The load-elongation curves were recorded
on an autographic recording chart mount on the testing
machine. These curves were each classified into the three
patterns shown in Fig. 3. The results are set forth in Table

4.

TABLE 4

Pattern of

Sample Run No. Tensile load load-elongation curve
(kN)

45.1
59.8
Bl.4

90.7
91.7
91.7

e
W W R

91.2
91.7
91.2

W=

90.2
90.2
90.7

0NO NON0 NOW me

(S SN

Table 4 shows that the fracture toughness of the
pressure-formed portion is improved by adding a small amount
of Mo. Further, if Cr is added in combination with a small
amount of Mo, not only the toughness but also the tensile
strength of the pressure-formed portion are improved. It is
considered that the high temperature strength is improved by

the addition of Cr.
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patterns shown in Fig,.3. The results are set fort {tA-TAbI
TABLE 4 R :

Run No. Tensil e | oad | oad- el ongati on curve
(kN) a 1 45.1 ' _
59. 8 A 3 8il. ¢
b 1 90. 7 B ; _ )
01.7 C 3 o] Iy ARy
h . 1 91. 2 C
D1. 7 C 3 91. 2
1 90. 2 C
C As mentioned above, PC steel wire or rod of the

present invention suffers from minimized deterioration of
straightness, particularly after being wound in a coil, and
thus can be prevented from being caught in automatic working
machines. Further, the PC steel wire or rod of the presenf
invention exhibits drastic improvements in quality,
particularly strength and toughness, of pressﬁre-formed
portion in the pressure-forming process popular among the
manufacturers of PC piles and poles. Thus, the PC steel wire
or rod of the present invention can be prevented from
suffering brittle fracture at pressure-formed portion upon
‘stretching, providing an enhancement of working reliability.
Therefore, when the products of the present invention
are applied to the production of high strength PC piles whose
predetermined upper limit of high temperature relaxation
value is 8%, which have rapidly become popular, the
production efficiency of cutting machine and automatic

working machine can be enhanced.

- 22 -
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CLAIMS

1. A PC steel wire or rod having an excellent
straightness and pressure-formability, said wire or rod
being prepared by a process which comprises:

heating a steel wire or rod;

annealing said wire or rod while being
simultaneocusly provided with a tensile stress oé from 6 to
14% of the proportional limit at the ambient temperature and
a minute bending strain of from 0.1 to 0.5% of the
proportional limit at the ambient temperature, in the
annealing temperature range or in a cocling step; and

guenching said wire or rod,

said wire or rod comprising 0.20 to 0.40% by weight
cf C, 1.00 to 1.40% by weight of Si, 0.60 to 0.90% by weight
of Mn, 0.04 to 0.06% by weight of Mo, 0.10 to 0.30% by
weight of Cr, and the balaﬁce of iron, Qith unavoidable

impurities.

2. A PC steel wire or rod substantially as
hereinbefore described with reference to any one of Examples

1 to 4 and the corresponding drawings.

R - 23 -
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As nmenti'oned above, PC steel wire or rod of the presént invention suffers
from nini ni zed deterioration of strai ght ness, parti p:eg“n

wound in a coil, and thus can be prevented from bei gﬁt(?é gf %‘ N Th SHE

wor ki ng  machi nes. Further, the PC steel wire or rod} of the present
invention exhibits drastic inprovenents in quality, | phrigiguar ggesstirengt h
and t oughness, of pressure-fornmed portion in the prespure-formng pgracess
popul ar anong the manufacturers of PC piles and pol gs . PC dit eel
Wi re

ABSTRACT
PC STEEL WIRE OR ROD

A PC steel wire or rod having an excellent
straightness and pressure-formability is disclosed, an
apparatus for producing the wire or rod being shown
schematically in Fig. 1. The wire or rod is preﬁared by a
process which comprises: heating a steel wire or rod;
annealing the wire or rod while being simultaneocusly
provided with a tensile stress of from 6 to 14% of the
proporticnal limit at the ambient temperature and a minute
bending strain of from 0.1 to 0.5% of the proportional limit
at the ambient temperature, in the annealing temperature
range on in'a cooling step; and gquenching the wire or rod.
The wire or rod comprises 0.20 to 0.40% by weight of C, 1.00
to 1.40% by weight of Si, 0.60 to 0.90% by weight of Mn,
0.04 to 0.06% by weight of Mo, 0.10 to 0.30% by weight of

Cr, and the balance of iron, with unavoidable impurities.

- 24 -




O<TOMm® ™0

rod of the present iniention can be pyfvented from.  suffering britile

acture at pressure-formed portion upon/ stretchin hgﬁ@@fdingk,n

nhancenent of working reliability. Ther ef ef-t-e- products

the present invention are applied to the produc | C rength PC
" 45 1L

| es whose predeterm ned upper limt of high tenpgrat i pn
cutting machi ne and automatic working machi ne cgn be enhanced.

hl ue is 8% which have rapidly becone popul ar, the 'c| ency

=]




22 - 23 /
_ steel wire or rod having an excel | ent

200

100

N
M
Ual
Ry <
Q
DH® o £
orf
¢ oo o 3]
~ o - -
o T e Pl o Mo N
EEEE
T © c o
nwnwunn
o<1>gd
[oa)
[« I =
Mo
[eRe]
W
U -~
. m =
! 1 ' ' ,
= w2 = w o w

(uw) ssau3zybrezzs




s{rai ght ness and pressure-formability, gf'd wire or rBEPLﬁEE;mgjﬁoﬁrE@pla't‘eﬂ by a
ptocess which conpri ses: heatin steel wifef©O e

apneal ing said wire or rod while being sinultaneousl péngQQ W t

tensile stress of from6 to 14% of the proportionalf Ifi nTt SVG17885 arfbi ent
tenperature and a mnute bending strain of fromO. % of the
oportional limt at the anmbient tenperature, in jhe annealing

ange or in a cooling step; and guenchi ng sal
hid wire or rod conprising 0.20 to 0.40% by weight of C, 1.00 to 1.40% by

pight of Si, 0.60 to 0.90% by weight of Wi, 0.04 to 0.06% by wei ght of M,
10 to 0.30% by weight of C, and the bal ance of iron, with unavoi dabl e
purities. 2. A PC steel wire or rod substantially as

her ei nbef ore described with reference to any one of sanples b of Exanples 1
nd 4 and the corresponding drawi ngs. This is because nerely sanples b of

anple 1 and 4 correspond to claim 1.

MY SO V=T

Pattern C

Pattern B

Fi

Elongation

Pattern A

peOoT




e

R oo ]
23 EPLACEMENT SheeT |
12 DES 1;;?
—
CLAIMS
1. A PC steel wife or rod having an excellent

straightness and pressure-formability, said wire or xod
being prepared by a process which comprises:

heating a steel wire or rod;

annealing said wire or rod while being .
simultaneocusly provided with a tensile stress of from 6 to
14% of the proportional limit at.the ambient temperature and
a minute bending strain of from 0.1 to 0.5% of the
proportional limit at the ambient temperature, in the
annealing temperature range or in a cooling step; and

quenching said wire or rod,:

said wire or rod comprising 0.20 to 0.40% by weight
of C, 1.00 to 1.40% by weight of Si, 0.60 to 0.90% by weight
of Mn, 0.04 to 0.06% by weight of Mo, 0.10 to 0.30% by
weight of Cr, and the balance of iron, with unavoidable

dimpurities.

2. A PC steel wire or rod substantially as

hereinbefore described with reference to any one of gamples b

of Examples 1 and 4 and the corresponding-drawings. This is because merely_'
samples b of Example 1 and 4 correspond to claim 1.




