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Description
Background of Invention

[0001] This invention relates to a method and an ap-
paratus for heat treating a material. Specifically, the
presentinvention relates to a method and apparatus for
fluid impingement quenching a forging.

[0002] Conventional quenching techniques include
bath quenching and fan quenching. The bath quenching
process immerses a forging within a container of oil. The
oil acts as a heat sink to cool the forging. The process
typically agitates the oil to increase the rate of heat
transfer.

[0003] The oil bath quenching process has numerous
drawbacks. The first drawback relates to the handling
of the oil. Oil handling must follow specific procedures
for environmental and safety concerns.

[0004] The second drawback relates to the waste
stream. The used oil must enter the waste stream prop-
erly. Environmental and safety concerns demand the
proper entry of the used oil into the waste stream.
[0005] The third drawback relates to predictability. Oil
bath quenching is not a fully controllable process. For
instance, the oil bath quenching process lacks the ability
to control local heat transfer rates precisely. Generally
speaking, oil bath quenching produces an arbitrary heat
transfer coefficient of between approximately 70 and
140 BTU/hr ft2 ° F (397 and 795 W/m2°C) uniformly
across the forging.

[0006] The final drawback relates to residual stress.
Oil bath quenching tends to produce high residual stress
values due to the arbitrary heat transfer coefficient Such
values can produce cracking and distortion of the forg-
ing.

[0007] The second conventional quenching tech-
nique is fan quenching. The fan quenching process uses
forced convection to cool a forging. One or more fans
propel air against the forging to increase the rate of heat
transfer. While avoiding the environmental issues en-
countered with oil bath quenching, the fan quenching
process does have several drawbacks. Notably, the fan
quenching process may not create the heat transfer
rates needed to produce the desired material properties
in high temperature aerospace alloy forgings. Second,
the fan quenching process also lacks the ability to con-
trol the heat transfer rates locally at various locations on
the forging.

[0008] New high temperature aerospace alloys have
placed greater demands on the quenching process.
These new alloys require a high lower limit of the cooling
rate during quenching to achieve metallurgical require-
ments ( e.g. tensile strength). As a result, fan quenching
is no longer an option for these new high temperature
aerospace alloys.

[0009] These new high temperature aerospace alloys
also demand that the quenching process control the up-
per limit of the cooling rate so as to avoid the formation
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of cracks in the forging. As a result, oil bath quenching
is no longer an option for these new high temperature
aerospace alloys.

[0010] Inotherwords, the quenching process mustre-
main within a limited range of cooling rate values to pro-
duce the desired material qualities in the forging. Unfor-
tunately, conventional quenching techniques do not ap-
pear to achieve these goals satisfactorily for certain ap-
plications, such as these new high temperature aero-
space alloys.

Summary of Invention

[0011] Itis an object of the present invention in a pre-
ferred embodiment at least to provide an improved
quenching method and apparatus.

[0012] Itis a further object of the present invention in
a preferred embodiment at least to provide a quenching
technique that reduces environmental concerns.
[0013] Itis a further object of the present invention in
a preferred embodiment at least to provide a quenching
technique that produces less scrap during quenching
caused by cracking and distortion.

[0014] Itis a further object of the present invention in
a preferred embodiment at least to provide a quenching
technique that produces less scrap during subsequent
manufacturing operations caused by residual stress ef-
fects.

[0015] Itis a further object of the present invention in
a preferred embodiment at least to provide a quenching
technique that consumes less raw material.

[0016] It is a further object of the present invention in
a preferred embodiment at least to provide a quenching
technique that is controllable.

[0017] Itis a further object of the present invention in
a preferred embodiment at least to provide a quenching
technique that can keep cooling rate values within a lim-
ited range.

[0018] From a first aspect, the present invention pro-
vides a method of quenching a material, comprising the
steps of: providing a material having a first section and
a second section; and propelling a fluid against the first
section to increase the cooling rate of the first section
relative to a cooling rate of the second section.

[0019] From a second aspect, the present invention
provides a method of adjusting the cooling rate of a forg-
ing during quenching, comprising the steps of: providing
a forging having a first section with a first cooling rate
and a second section having a second cooling rate; and
propelling a fluid against the first section in order to min-
imize a differential between the first cooling rate and the
second cooling rate.

[0020] From a yet further aspect, the present inven-
tion provides an apparatus for quenching a material,
comprising: a support for receiving the material; and an
outlet adjacent the support for impinging a fluid against
a first section of the material, so that a cooling rate of
the first section increases relative to a cooling rate of a
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second section of the material.
Brief Description of Drawings

[0021] Other uses and advantages of the present in-
vention will become apparent to those skilled in the art
upon reference to the specification and the drawings, in
which:

Figure 1 is an exploded, perspective view of one
embodiment of the quenching apparatus of the
present invention;

Figure 2 is a cross-sectional view of the quenching
apparatus taken along line II-Il in Figure 1;

Figure 3 is a plan view of one component of the
quenching apparatus shown in Figure 1;

Figure 4 is a detailed view of a potion of the com-
ponent shown in Figure 3;

Figure 5 is a cross-sectional view of the component
taken along line V-V in Figure 4;

Figure 6 is an elevational view of a second compo-
nent of the quenching apparatus shown in Figure 1;
and

Figure 7 is an elevational view of a section of the
quenching apparatus shown in Figure 1 with a forg-
ing placed therein.

Detailed Description

[0022] Figure 1 displays an exploded perspective
view of one embodiment of a quenching apparatus 100.
The quenching apparatus 100 can receive an annular
forging F (only partially shown in the figure), such as a
turbine disk or an air seal. Although accommodating an
annular shape, the apparatus could heat treat any
shape of forging F.

[0023] Similarly, the apparatus 100 could quench a
forging made from any material. The preferred material,
however, is a high temperature aerospace alloy. Gener-
ally speaking, such material must have adequate per-
formance characteristics, such as tensile strength,
creep resistance, oxidation resistance, and corrosion
resistance, at high temperatures. Course grained nickel
alloys are especially prone to quench cracking due to a
ductility trough at the upper temperatures (e.g.
1800-2100° F) (982-1149°C) of the quenching process.
Examples of high temperature aerospace materials in-
clude nickel alloys such as IN100, IN1100, IN718,
Waspaloy and IN625.

[0024] To achieve these characteristics, the afore-
mentioned alloys demand precise control of the quench-
ing process. Precise control is necessary to avoid crack-
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ing of the forging during quenching and to avoid residual
stress effects during subsequent manufacturing opera-
tions on the forging. Typically, most forgings that exhibit
cracks during quenching are considered scrap.

[0025] The quenching apparatus 100 preferably can
provide impingement cooling to all surfaces of the forg-
ing F. The apparatus 100 includes a first cooling section
101, a second cooling section 103 and a central cooling
section 105. Each section will now be described in fur-
ther detail.

[0026] Figure 3 displays the first cooling section 101.
The first cooling section 101 preferably corresponds to
a bottom of the forging F. The first cooling section 101
includes one or more supports 107 arranged around the
apparatus 100. Although the figure displays three, the
presentinvention could use any suitable number of sup-
ports 107.

[0027] The supports 107 have recesses in which a
plurality of concentric pipes 109 can reside. Although
the figures show five, the present invention could utilize
any number of pipes 109. The number of pipes 109 de-
pends upon the geometry of the forging F. A larger forg-
ing F requires more pipes 109.

[0028] A plurality of spacers 111 secure to the sup-
ports 107 with conventional fasteners. The spacers 111
serve to retain the pipes 109 to the supports 107. Al-
though the figures show each spacer 111 retaining mul-
tiple pipes 109, the spacer 111 could retain only one
pipe. This would allow the individual adjustment of pipes
109 without disturbing the other pipes 109. Another im-
portant function of the spacers will be discussed below.
[0029] As seen in Figure 2, the top of the forging F
could have a different shape than the bottom of the forg-
ing F. Accordingly, the second cooling section 103 may
not mirror the shape of the first cooling section 101.
Rather, the second cooling section 103 preferably con-
forms to the top of the forging F.

[0030] Similar to the first cooling section 101, the sec-
ond cooling section 103 includes one or more supports
115, concentric pipes 117 and spacers 119. When fas-
tened to the supports 115, the spacers 119 secure the
pipes 117 to the supports 115. The supports 107,115
and the spacers 111,119 could bemade from any mate-
rial suitable to the demands of the quenching process.
[0031] For versatility, the apparatus 100 should ac-
commodates forgings F of various shapes. For every
forging F, the cooling sections 101, 103 should generally
conform to the specific shape. This could be accom-
plished with conventional techniques. For example, the
apparatus could utilize supports 107, 115 specific to
each forging shape.

[0032] Alternatively, the same supports 107, 115
could be used for every forging F. To accommodate dif-
ferent shapes, the universal supports should include
features (not shown) to allow selective positioning of
each of the pipes 109, 117. In one possible arrange-
ment, the universal supports could have height adjust-
able platforms upon which the pipes 109, 117 rest. The
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platforms could use a threaded shaft to adjust height.
[0033] In addition, either of the supports 107, 115
could be sized and shaped to allow an outermost pipe
109, 117 to surround the outer diameter of the forgingF.
This arrangement allows the apparatus 100 to quench
the outer diameter of the forging F. Not all forgings F,
however, require quenching at the outer diameter. As
an example, forgings F with thin sections at the outer
diameter typically do not require quenching.

[0034] Figures 4 and 5 display one of the pipes 109.
The pipe 109 is annular to provide axisymmetric cooling
to the annular forging F. The pipes 109 can be made
from any suitable material, such as tooling steel (e.g.
AMS5042, AMS5062, AISI4340), stainless steel
(AISI310, AISI316, 17-4HP), copper and brass. As an
example, the pipes 109 could have an inner diameter of
between approximately 0.7" and 1.3" (18 and 33 mm)
and have a suitable thickness. The specific values will
depend upon the demands of the quenching process.
[0035] The pipes 109, 117 each have an inlet (not
shown) attached to a fluid source 127 using convention-
al techniques. The source 127 could use conventional
valves (not shown) to control fluid flow to each pipe 109,
117. The valves could either be manually or computer-
controlled. The benefits of having such control will be-
come clear below.

[0036] The pipes 109, 117 have an arrangement of
openings 131 therein. Preferably, the openings are reg-
ularly arranged around the pipes 109, 117 to provide ax-
isymmetric cooling to the forging F. However, non-sym-
metric arrangements are possible. As seen in Figure 5,
The openings 131 spin an angle o of between approxi-
mately 25° and 270° of the circumference of the pipe
109, 117. Preferably, the angle o is approximately 90°.
[0037] The openings 131 in the pipes 109, 117 define
outlet nozzles for the fluid to exit the cooling sections
101, 103. The fluid propels from the openings 131 to
cool the forging F. The openings 131 could have either
sharp edges or smooth edges in order to provide a de-
sired nozzle configuration. Specific geometric aspects
of the openings 131 will be discussed in detail below.
[0038] Figure 6 displays the central cooling section
105. The central cooling section 105 preferably resides
within the inner bore of the forging F. As with the outer
diameter, the inner diameter of the forging F may not
require quenching. Forgings F with thin sections at the
inner diameter typically do not require quenching.
[0039] Similar to the pipes 109, 117, the central cool-
ing section 105 is a pipe that includes an inlet 133 at-
tached to the fluid source 127 using conventional tech-
nigues. The central cooling section 105 also includes a
plurality of openings 135 at an outlet end. The size and
shape of the central cooling section 105 depends upon
the geometry of the forging F.

[0040] Assembly of the apparatus 100 proceeds as
follows. The assembled first cooling section 101 re-
ceives the forging F. Specifically, the forging F rests on
the spacers 111. Then, the second cooling section 103
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is placed over the forging F. Likewise, the spacers 119
rest on the forging F. Next, the central cooling section
105 is placed inside the central bore of the annular forg-
ing F. The central cooling section 105 preferably rests
on the supports 107 of the first cooling section 101, and
is spaced from the forging F by abutting the distal ends
of the spacers 111. Other arrangements, however, are
possible. The apparatus 100 is now ready to begin the
quenching operation.

[0041] The apparatus could utilize any suitable fluid,
such as a gas, to quench the forging F. Preferably, the
present invention uses air. The source 127 could have
a diameter of between approximately 2.5" and 3.5" (63
and 89 mm). The source 127 could also supply approx-
imately 12 Ib/sec (19595 kg/hr) of ambient ( e.g.65-95°
F) (18.3-35°C) air to the apparatus 100 at a pressure of
between approximately 45 and 75 psig (310 kPa and
517 kPa). Again, the specific values will depend upon
the demands of the quenching process.

[0042] Generally speaking, one goal of the presentin-
vention is to control the cooling rate of the forging F pre-
cisely. This precise control allows the use of impinge-
ment cooling on the forging F. Impingement cooling is a
subset of forced convection cooling that produces sig-
nificantly higher heat transfer coefficients than the re-
mainder of the forced convection regime. For example,
conventional forced air convection can achieve heat
transfer coefficients of approximately 50 BTU/hr ft2 °F
(284 W/m2°C) with typical equipment Impingement
cooling, on the other hand, can achieve heat transfer
coefficients up to approximately 300 BTU/hr ft2° F (1703
W/m2°C).

[0043] Figure 7 provides the spatial relationship be-
tween the pipes 109, 117 and the forging F. Although
displaying the first and second cooling sections 101,
103, the spatial relationships shown in this figure are
also applicable to the central cooling section 105. As
seen in the figure, the spacers 111 provide a gap be-
tween the forging F and the pipes 109, 117.

[0044] The openings 131 in the pipe preferably have
a diameter d adequate to propel a sufficient amount of
fluid against the forging F to perform the quenching
process. As an example, the diameter d of the openings
131 could be between approximately 0.55" and 0.75"
(14 and 19 mm). At this diameter d, preferably between
approximately 0.002 Ib/sec (3.26 kg/hr) and 0.01 Ib/sec
(16.32 kg/hr) of fluid flows through each opening 131 at
a velocity of between approximately 200 ft/sec (61ms™1)
and 1000 ft/sec (305 ms™1).

[0045] The gaps formed between the pipes 109, 117
and the forging F created by the spacers 111 are an es-
sential aspect of the present invention. The spacers 111
define a distance Z between the pipes 109, 117 and the
forging F. The distance to diameter ratio (Z/d) should
range between approximately 1.0 and 6.0.

[0046] A circumferential spacing X exists between ad-
jacent openings 131 in the pipes 109, 117. The circum-
ferential spacing of the openings 131 ensures adequate
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fluid flow to the forging F to achieve the desired cooling
rate. The circumferential arrangement of the apertures
131 also ensures axisymmetric cooling of the forging F.
The circumferential spacing to diameter ratio (X/d)
should be between approximately 0.0 and 24.0.

[0047] Finally, a radial spacing Y exists between ad-
jacent openings 131 in the pipes 109. Similarly, the ra-
dial spacing of the openings 131 ensures adequate fluid
flow to the forging F to achieve the desired cooling rate.
The radial spacing to diameter ratio (Y/d) should be be-
tween approximately 0.0 and 26.0.

[0048] Usingthese parameters, the present invention
can treat all sections of the forging using impingement
cooling. Impingement cooling is preferred because of
the combined effect of increased turbulence and in-
creased jet arrival velocity significantly increases the
heat transfer coefficient of the apparatus 100.

[0049] By varying the aforementioned parameters
within the suitable ranges, the present invention can
achieve another goal of the presentinvention - to reduce
any differential between the cooling rates of different ar-
eas of the forging F. Ideally, the present invention seeks
to equalize the cooling rates across all areas of the forg-
ing.

[0050] The present invention reduces temperature
gradients within the forging F by providing more im-
pingement cooling to one area of the forging F com-
pared to another area of the forging F. In terms of heat
transfer, the volume of an object equates to thermal
mass and the surface area of the object equates to cool-
ing capacity. Objects exhibiting a low surface area to vol-
ume ratio cannot transfer heat as readily as objects with
higher surface area to volume ratios.

[0051] The present invention seeks to increase the
heat transfer of areas of the forging F that exhibit low
surface area to volume ratios. Practically speaking, the
present invention provides more cooling to surfaces of
the forging F located adjacent larger volumetric sections
than surfaces of the forging F located adjacent smaller
volumetric sections.

[0052] The present invention can locally adjust im-
pingement cooling by varying any of the aforementioned
characteristics. For example, one can selectively adjust
cooling to desired areas of the forging F by adjusting the
diameters of the pipes 109, 117, by adjusting the diam-
eter of the openings 131, by adjusting the size of the
spacer 111 or by adjusting the density of the openings
131 (i.e. adjust spacing distances X or Y) during the sys-
tem design stage. During operation of the apparatus
100, one can selectively adjust the cooling to desired
areas of the forging F by adjusting pressure in each pipe
109, 117, 133. The aforementioned valves on the supply
127 could be used to adjust pressure. Any other tech-
nique to adjust pressure could also be used.

[0053] The present invention could leave these char-
acteristics static during the quenching process. In other
words, the apparatus 100 could keep the selected pres-
sures in the pipes 109, 117, 133 constant throughout the
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entire temperature range of the quenching process. Al-
ternatively, the present invention could dynamically ad-
just the pressures in the pipes 109, 117, 133 during the
quenching process. For example, the apparatus 100
could operate at a desired pressure until the course
grain nickel alloy forging F exits the temperature range
of the ductility trough (e.g. 1800-2100° F (982-1149°C)).
Thereafter, the apparatus could operate at a reduced
pressure for the remainder of the quenching process.
Other variations are also possible.

[0054] The presentinvention can produce heat trans-
fer coefficients greater than those created by oil bath
quenching (e.g. 70-140 BTU/hr ft2 © F (397-795 W/
m2°C)) or fan quenching ( e.g. 50 BTU/hr ft2 ° F (284 W/
m2 °C)). The present invention can produce a heat
transfer coefficient of approximately 300 BTU/hr ft2 © F
(1703 W/m2°C).

[0055] Despite the higher heat transfer coefficient, the
quenched products that the present invention produces
exhibit lower residual stress values than those products
created by oil bath quenching. The arbitrary cooling rate
of oil bath quenching produces high residual stress val-
ues. The present invention, on the other hand, achieves
lower residual stress values because of the ability to dif-
ferentially cool the forging F (i.e. control the temperature
gradients across the forging). Note that reference to the
residual stress values produced by fan quenching is not
appropriate because fan quenching cannot meet the
cooling requirements needed to quench high tempera-
ture aerospace alloys.

[0056] The present invention has been described in
connection with the preferred embodiments of the vari-
ous figures. It is to be understood that other similar em-
bodiments may be used or modifications and additions
may be made to the described embodiment for perform-
ing the same function of the present invention without
deviating therefrom. Therefore, the present invention
should not be limited to any single embodiment, but rath-
er construed in breadth and scope in accordance with
the recitation of the appended claims.

Claims

1. A method of quenching a material, comprising the
steps of:

providing a material having a first section and
a second section; and

propelling a fluid against said first section to in-
crease a cooling rate of said first section rela-
tive to a cooling rate of said second section.

2. A method of adjusting the cooling rate of a forging
during quenching, comprising the steps of:

providing a forging having a first section with a
first cooling rate and a second section having
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a second cooling rate; and

propelling a fluid against said first section in or-
der to minimize a differential between said first
cooling rate and said second cooling rate.

The method as recited in claim 1 or 2, wherein said
fluid comprises a gas.

The method as recited in any preceding claim,
wherein said propelling step generally minimizes a
gradient between a temperature of said first section
and a temperature of said second section.

The method as recited in any preceding claim,
wherein the propelling step comprises impinging
said fluid against said first section to provide im-
pingement cooling at said first section.

The method as recited in any preceding claim,
wherein the propelling step remains constant during
quenching.

The method as recited in any of claims 1 to 5,
wherein the propelling step varies during quench-

ing.

The method as recited in claim 7, wherein the pro-
pelling step varies by adjusting a pressure of said
fluid.

An apparatus (100) for quenching a material, the
material having a first section and a second section,
said apparatus comprising:

a support (107) for receiving the material; and
an outlet (131) adjacent said support for im-
pinging a fluid against the first section of the
material, so that a cooling rate of the first sec-
tion increases relative to a cooling rate of the
second section.

The apparatus as recited in claim 9, wherein said
outlet (131) has a diameter (d) and is positioned a
distance (Z) from the material placed in said sup-
port, and Z/d is between approximately 1.0 and 6.0.

The apparatus as recited in claim 9 or 10, wherein
said outlet comprises a plurality of outlets (131)
each having a diameter (d), adjacent outlets having
a spacing (s) therebetween, and s/d is less than ap-
proximately 26.0.

The apparatus as recited in claim 11, wherein said
spacing is a circumferential spacing (X) and X/d is
less than approximately 26.0.

The apparatus as recited in claim 11 or 12, wherein
said spacing is a radial spacing (Y) and Y/d is less
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than approximately 24.0.

14. The apparatus as recited in any of claims 9 to 13,

wherein said outlet (131) comprises a plurality of
outlets (131) in an annular pipe (109,117).
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