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(57) ABSTRACT 

The disclosure provides to a PDC element protective system 
including a mask configured to protect a non-leached portion 
of a leached polycrystalline diamond compact (PDC) element 
during a leaching process. The mask may be formed from or 
coated with polytetrafluoroethylene (PTFE). The disclosure 
also provides a leaching system containing Such a mask and a 
leaching vessel as well as methods of using the protective and 
leaching systems. The disclosure further provides a Lewis 
acid-based leaching agent and methods of its use. Finally, the 
disclosure provides a method of recycling a PDC or carbide 
element using a Lewis acid-based leaching agent. 
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PROTECTIVE SYSTEM FOR LEACHING 
POLYCRYSTALLINE DAMOND ELEMENTS 

PRIORITY CLAIM 

0001. The current application claims priority under 35 
U.S.C. S 119(e) to U.S. Provisional Patent Application Ser. 
No. 61/425,579, filed Dec. 21, 2010 and titled “Chemical 
Agents and Protective System for Leaching Polycrystalline 
Diamond Elements and for Recovery of Leached Materials.” 
incorporated by reference herein in its entirety. 

TECHNICAL FIELD 

0002 The current disclosure relates to particular Lewis 
acid-based chemical agents that may be used to leach cata 
lysts, such as Group VIII metals, from polycrystalline dia 
mond compact (PDC) elements, such as cutters for earth 
boring drill bits. The disclosure further relates to protective 
systems that may be used with these or other chemical agents 
during the leaching process to allow exposure of certain por 
tions of a PDC element to a leaching agent, while protecting 
other portions of the element from the leaching agent. The 
disclosure further includes methods of recycling PDC and 
carbide elements and recovering leached catalysts. 

BACKGROUND 

0003 Various industrial elements benefit from the inclu 
sion of a polycrystalline diamond compact (PDC), which 
may, for example, increase the thermal or abrasion resistance 
of the element or provide other benefits. The PDC portion of 
an element is typically formed by applying Small diamond 
particles on the surface of a substrate, which typically forms 
the main body of the element. A catalyst may be applied with 
the diamond particles or, more typically, is present in the 
substrate and migrates out of the substrate during PDC for 
mation. The diamond particles and Substrate are Subjected to 
extreme temperature and pressure, causing the diamonds to 
fuse together to form a generally continuous and physically 
solid matrix, the PDC. In this matrix there are substantial 
direct diamond-to-diamond bonds. After formation, the cata 
lyst materials remain interspersed in spaces in the PDC 
matrix. The PDC is also bonded to the substrate in such away 
that it will stay in place on the substrate when the PDC 
element is in use. 
0004 Typical catalysts include Group VIII metals, such as 
Cobalt (Co), Nickel (Ni), and Iron (Fe), and alloys thereof. 
These catalysts remain trapped within the diamond matrix 
when the PDC is formed. Although these catalysts can some 
times confer benefits to the PDC, such as improved mechani 
cal strength, they can confer detrimental properties. For 
example, all of these metals have a much higher coefficient of 
expansion (tendency to expand when heated) than diamond 
such that, if the PDC element heats up during use, the metals 
may heat up and expand much faster than the diamond matrix, 
causing problems such as spalling, delamination, or conver 
sion to graphite and ultimate failure of the PDC and the 
element as whole. These and other problems are described in 
UK Patent GB 2.422,623. Presence of the catalyst may also 
result in additional problems as well. As a result of detrimen 
tal effects of the catalyst, it is very often desirable to remove 
all or some of the catalyst material from the PDC. 
0005 Removal of the catalyst is typically accomplished 
using either an electrochemical or a chemical process. In 
chemical processes, referred to as leaching, strong acids, Such 
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as aqua regia (one part nitric acid, three parts hydrochloric 
acid), or caustic materials, such as NaOH, KOH, or halogen 
gasses are used to remove the catalyst from the diamond layer. 
Although some processes using these materials take place at 
room temperature, in other examples temperatures are 
elevated to as high as 800° C. Some processes also employ 
pressure vessels. Example processes are described in EP 1 
960 158, GB 2,422,623, U.S. Pat. No. 6,749,033, U.S. Pat. 
No. 6,544,308, US 2007/0169419, U.S. Pat. No. 4,224,308, 
US 2005/0139397, US 2007/0181348, U.S. Pat. No. 7,608, 
333, and U.S. Pat. No. 4,288,248, although various other 
examples also exist. 
0006 Not only are such leaching processes generally 
extremely dangerous for a number of reasons, they also pose 
difficulties in protecting the portions of the element not to be 
leached. Control of the where the PDC element is leached 
may be important for at least three reasons. First, as noted 
above, the presence of the catalyst in the PDC does confer 
Some advantages. As a result, it may be undesirable or not 
helpful to remove it from certain areas of the PDC, such as 
regions that are not exposed to Such extreme heat or that 
benefit from the mechanical strength conferred by the cata 
lyst. Second, more commonly, the Substrate, which forms the 
bulk of the element, is typically made of a material whose 
resistance to harsh leaching conditions pales incomparison to 
that of the diamond matrix. Accordingly, exposure of the 
Substrate to the leaching materials may cause serious damage 
to the substrate, often rendering the PDC element as a whole 
useless. Third, in some elements the presence of the catalyst 
in the PDC layer near the substrate is useful in maintaining the 
interface between the substrate and the PDC layer so that the 
PDC layer does not separate from the substrate during use of 
the element. It may therefore be important to protect the 
interface region from the leaching material. 
0007 Various systems for protecting non-leached por 
tions of a PDC element include encasing the PDC element in 
a protective material, then removing it from the regions to be 
leached, coating the portion of the element to not be leached, 
and placing a physical cup around the protected portion then 
sealing the cup with an O-ring seal. Example protective sys 
tems include U.S. Pat. No. 7,757,792, U.S. Pat. No. 4,288, 
248, U.S. Pat. No. 7,608,333, and EP 1960 158, although 
various other examples of proactive systems also exist. These 
systems tend to suffer from at least two detriments. First, 
many of them are not reusable and thus waste the protective 
materials. Due to the harsh nature of current leaching condi 
tions, even reusable protective systems are often damaged or 
become unreliable after a small number of uses. Second, 
wicking of the leaching agent along the edges of current 
systems due to capillary action remains a problem. This can 
allow the leaching agent to reach areas of the element that 
should not be leached. At the very least this leads to unreliable 
leaching and in many instances, particularly if the leaching 
agent reaches the interface region or Substrate, it can destroy 
the entire element. 

0008 Overall, current leaching technology would benefit 
from the development of less dangerous leaching agents and 
processes. It would also benefit from better protective sys 
tems, particularly systems that are more reliable and involve 
less waste. 

0009. As noted above, PDC elements and used leaching 
agents contain Group VIII metals. Although some Group VIII 
metals. Such as Iron, are relatively safe and inexpensive, 
others, such as Cobalt, are highly toxic and costly. Accord 
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ingly, there is a need to recover and recycle Group VIII metals 
from PDC elements or other elements containing these met 
als. Such as carbide elements, and from used leaching agents. 

SUMMARY 

0010. According to one embodiment, the disclosure 
relates to a PDC element protective system including a mask 
configured to protect a non-leached portion of a leached poly 
crystalline diamond compact (PDC) element during a leach 
ing process. The mask may be formed from or coated with 
polytetrafluoroethylene (PTFE). 
0011. According to a second embodiment, the disclosure 
provides a PDC element leaching system including a mask 
configured to protect a non-leached portion of a leached poly 
crystalline diamond compact (PDC) element during a leach 
ing process and a leaching vessel configured to contain the 
mask and PDC element during the leaching process. The 
mask may be formed from or coated with polytetrafluoroet 
hylene (PTFE). 
0012. According to a third embodiment, the disclosure 
provides a method of leaching a PDC element by inserting the 
PDC element into a mask formed from or coated with poly 
tetrafluoroethylene (PTFE), placing the PDC element and 
mask into a leaching vessel, leaching at least one catalyst 
from the PDC element, removing the PDC element and mask 
from the leaching vessel, and removing the PDC element 
from the mask. 

0013. According to a fourth embodiment, the disclosure 
provides an agent for leaching a Group VIII metal from a PDC 
element, the leaching agent including ferric chloride (FeCl). 
cupric chloride (CuCl2), and optionally hydrochloric acid 
(HCl), or nitric acid (HNO), solutions thereof, and combi 
nations thereof. 
0014. According to a fifth embodiment, the disclosure 
provides a method of leaching a PDC element including 
placing the PDC element containing a Group VIII metal and 
a protective system protecting a non-leached portion of the 
PDC element in a Lewis acid-based leaching agent including 
ferric chloride (FeCl), cupric chloride (CuCl2), and option 
ally hydrochloric acid (HCl), or nitric acid (HNO), solutions 
thereof, and combinations thereof, and leaching a part of the 
Group VIII metal from the PDC element to a leaching depth. 
0015. According to a sixth embodiment, the disclosure 
provides a method of recycling a PDC or carbide element by 
leaching a desired amount of Group VIII metal from the PDC 
or carbide element containing the Group VIII metal using a 
Lewis acid-based leaching agent including ferric chloride 
(Fe(Cl), cupric chloride (CuCl2), and optionally hydrochloric 
acid (HCl), or nitric acid (HNO), solutions thereof, and 
combinations thereof, solutions thereof, and combinations 
thereof to form a Lewis acid/Group VIII metal solution, 
removing any solid remains of the PDC or carbide element 
from the Lewis acid/Group VIII metal solution, adjusting the 
pH of the Lewis acid/Group VIII metal solution to cause 
precipitation of the Group VIII metal, and collecting the 
precipitated Group VIII metal. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0016. A more complete understanding of the present 
embodiments and advantages thereof may be acquired by 
referring to the following description taken in conjunction 
with the accompanying drawings, in which: 
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0017 FIG. 1 provides a cross-sectional view of a protec 
tive system surrounding a PDC element according to an 
embodiment of the current disclosure; 
0018 FIG. 2 provides an alternative cross-sectional view 
of a protective system Surrounding a PDC element according 
to an embodiment of the current disclosure; 
0019 FIG.3 provides a cross-sectional view of a leaching 
system in use with a PDC element according to an embodi 
ment of the current disclosure; 
0020 FIG. 4 provides a flow chart of a leaching method 
according to an embodiment of the current disclosure; 
0021 FIG. 5 provides a flow chart of an additional leach 
ing method according to an embodiment of the current dis 
closure; 
0022 FIG. 6 provides a flow chart of a recycling method 
according to an embodiment of the current disclosure; 
(0023 FIGS. 7A-7D each separately provide a photomi 
crograph of a separate carbide element leached with ferric 
chloride (FeCl), according to an embodiment of the current 
disclosure; 
0024 FIGS. 8A-8D each separately provide a photomi 
crograph of a separate carbide element leached with aqua 
regia as a comparative example for FIG. 7. 
(0025 FIGS. 9A and 9B provide photomicrographs of car 
bide elements leached with ferric chloride (FeCl), according 
to an embodiment of the current disclosure; 
0026 FIGS. 10A and 10B provide a photomicrographs of 
carbide elements leached with aqua regia as a comparative 
example to FIG.9; 
(0027 FIGS. 11A and 11B provide photomicrographs of 
carbide elements leached with aluminum chloride (AlCl), as 
a comparative example to FIG. 9; 
0028 FIGS. 12A and 12B provide photomicrographs of 
carbide elements leached with fluorosilicic acid (HSiF), as 
a comparative example to FIG. 9; 
0029 FIG. 13A provides a photomicrograph of a carbide 
element leached with a combination of hydrochloric acid and 
cupric chloride; 
0030 FIG. 13B provides a photomicrograph of a carbide 
element leached with a combination of hydrochloric acid and 
ferric chloride; and 
0031 FIG. 14 provides a photomicrograph of a carbide 
element leached with a combination of aqua regia and ferric 
chloride, according to an embodiment of the current disclo 
SUC. 

DETAILED DESCRIPTION 

0032. The current disclosure relates to leaching agents and 
methods as well as leaching protection systems and methods 
that may be used in the leaching of catalysts from PDC 
elements. Although these technologies may be employed in 
the formation of any PDC element, in particular embodiments 
they may be used with cutter elements. More particularly, 
they may be employed in the formation of cutter elements for 
use on earth-boring drill bits. 
0033 PDC elements treated by the leaching technologies 
described herein may additionally be formed in any manner 
So long as the PDC elements contain a catalyst including a 
Group VIII metal catalyst or a chemically similar metal cata 
lyst to be leached from the PDC. Furthermore, although the 
current disclosure focuses on polycrystalline diamond, in 
further embodiments, it may be used with other similar tech 
nologies in which crystals are bonded using a Group VIII or 
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chemically similar metal catalyst. For example, it may be 
used with polycrystalline cubic boron nitride (CBN). 
0034 Finally, various embodiments of this disclosure may 
be used in conjunction. For example, the protective systems 
may be used in conjunction with the leaching agents, from 
which the Group VIII metals may be recycled using the recy 
cling methods of the disclosure. 
0035) Protection Systems and Methods 
0036. According to a first aspect, the disclosure relates to 
protective systems and methods for use in protecting non 
leached portions of PDC elements. These protective systems 
and methods may be used in conjunction with or separate 
from the leaching agents and methods or the recycling meth 
ods also described herein. 
0037 According to one embodiment, shown in FIG. 1, 
protective system 10 may include mask 20. During use, PDC 
element 30 may be inserted into mask 20 so that protected 
portion 40 is covered by mask 20, while leached portion 50 
remains outside of mask 20. 
0038 According to a specific embodiment, mask 20 may 
be formed from polytetrafluoroethylene (PTFE). The PTFE 
may be unfilled or filled. In other embodiments, the mask may 
be formed from related organic polymers. Such as other fluo 
ropolymers or fluoroplastics. Filled PTFE may be filled with 
one or more of glass, molybdenum Sulfide, bronze, acetal, 
carbon, Such as graphite or carbon nanofibers, metal, metal 
oxides, mica, polyphenylene Sulfide, and ceramic fillers. Such 
as BaWO Filled PTFE may also be Rulon(R). Rulon(R) is a 
registered trademark of Saint-Gobain Performance Plastics 
Corporation (Paris, France). The precise chemical composi 
tion of Rulon(R) is not publicly available. Another filled PTFE 
may be AmilonTM, a graphite, glass, molybdenum sulfide, or 
carbon filled PTFE made by Plastomer Technologies (Hous 
ton, Tex.). The precise chemical composition of AmilonTM is 
also not publicly available. Fillers are typically added to 
PTFE to improve one or more of its properties. Accordingly, 
appropriate fillers for filled PTFE used in mask 20 may be 
identified by adding the filler to PTFE, forming a mask from 
it, and testing the mask for the desired property or for its 
general ability to protect non-leached portion 40. Such tests 
may be performed under actual leaching conditions or 
approximate conditions. Similar tests may be used to identify 
other suitable fluoropolymers or fluoroplastics. Some suit 
able tests are provided in the Examples herein. 
0039. Without limiting the mechanism of the invention, 
PTFE may function well as a mask material due to its resis 
tance to chemical reaction with acidic and caustic Substances. 
The strong Carbon-Fluorine bond in PTFE allows Fluorine to 
form a non-reactive sheath Surrounding the carbon chain. 
PTFE is also highly crystalline, making it difficult to dissolve. 
At present, there is no known solvent for PTFE. This general 
non-reactivity of PTFE may allow mask 20 to withstand 
leaching process conditions and to be reused multiple times. 
Furthermore, mask 20 may be able withstand leaching con 
ditions for long periods of time or at high temperature or 
pressure. In certain embodiments, other fluoropolymers or 
fluoroplastics selected for use as mask 20 may have a simi 
larly low chemical reactivity with leaching agents and low 
solubility. 
0040 Also without limiting the mechanism of the inven 

tion, PTFE may additionally function well as a mask material 
due to its low wetting properties. PTFE has a wetting angle of 
0, which means that water and aqueous Solutions have virtu 
ally no tendency to move along PTFE via capillary action. In 
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the context of the current disclosure, this means that leaching 
agents effectively do not wick into the space between mask 20 
and protected portion 40 of PDC element 30. Other fluo 
ropolymers or fluoroplastics selected for use as mask 20 may 
similarly have a wetting angle of near Zero. 
0041 Mask 20 may be formed by processing the protec 
tive material to the desired configuration. In one embodiment, 
PTFE may be processed by heating granules of it to above 
325°C., at which point it becomes a self-supporting gel that 
may be pressed, extruded, or sintered. In general, PTFE may 
be cut, bored or machined to very close tolerances. In selected 
embodiments, rather than being made entirely of PTFE, mask 
20 may merely be coated entirely or in part with PTFE or it 
may contain a PTFE portion. 
0042. Mask 20 may have an interior cavity, as shown in 
FIG. 1, that generally conforms to the shape of PDC element 
30. Due to the low wetting angle of PTFE (or other low 
wetting angle protective materials), mask 20 may alterna 
tively have an interior cavity, as shown in FIG. 2, that is larger 
than the dimensions of PDC element 30. In such an embodi 
ment, only contact band 60 may conform to the shape of PDC 
element 30. Due to the nearly complete absence of capillary 
action of water on PTFE, only a small, close-fitting contact 
band may be sufficient to substantially prevent the leaching 
agent from reaching protected portion 40. Furthermore, the 
high resilience of PTFE may allow the contact band 60 to fit 
very closely to PDC element 30 and, in certain embodiments, 
to conform to the surface of PDC element 30. Contact band 60 
may also be formed to precise tolerances, enhancing its abil 
ity to interface with PDC element 30 in a manner to form a 
seal and Substantially prevent wicking of the leaching agent. 
In certain embodiments, the size difference between the inner 
diameter of contact band 60 and the outer diameter of the 
region of PDC element 30 contacted by contact band 60 may 
be less than 100 microns. In particular it may be between 
negative 7 microns and positive 95 microns. 
0043. In one particular embodiment, not shown, contact 
band 60 may beformed from PTFE or other protective mate 
rial and the exterior of mask 20 may be coated with PTFE or 
other protective material, but the core of mask 20 may be 
formed from another material, which optionally may not be 
coated in the interior cavity. 
0044) The use of a larger interior cavity in mask 20 as 
shown in FIG.2 may offer various advantages. Such as use of 
less PTFE or other protective material or greater ease of 
removal of PDC element 30 from mask 20 after leaching. It is 
noted, however, that due to the low coefficient of friction of 
PTFE, neither insertion nor removal of PDC element 30 into 
or out of mask 20 tends to require substantial force. In most 
instances, PDC element 30 may be inserted or removed by 
hand. 
0045 PDC element 30 may be any type of element to be 
leached, including a cutter as shown in FIGS. 1 and 2. 
Leached portion 50 may typically beformed entirely of PDC. 
Protected, non-leached portion 40 may include some PDC, 
particularly PDC located at the interface of the PDC and 
Substrate, and may also typically include the Substrate. 
According to particular embodiments, the Substrate may be a 
carbide substrate, such as tungsten carbide (WC). 
0046. In a further embodiment, shown in FIG. 3, protec 
tive system 10 may be used in conjunction with leaching 
system 100. Leaching system 100 may include protective 
system 10 as well as leaching vessel 110, in which mask 20 
and PDC element 30 are placed during leaching of PDC 
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element 30. Leaching vessel 110 may further contain leach 
ing agent 120. In specific embodiments leaching vessel 110 
may include an acid containment vessel, which in a more 
specific embodiment may be a pressure vessel. Leaching 
agent 120 may be any chemical leaching agent. In particular 
embodiments, it may be a leaching agent as described herein. 
0047 Leaching system 100 may include devices other 
than mask 20 made from or coated with PTFE or other pro 
tective material. Such other devices include, but are not lim 
ited to, leaching vessel 110 as well as tongs or other devices 
for handling the PDC element or containing the leaching 
agent. 
0048 FIG. 4 illustrates a method 200 of leaching a PDC 
element using the protective system described above. In step 
210 a PDC element is inserted into a mask made of PTFE or 
other protective material. In some embodiments, the PDC 
element may be inserted by hand. In other embodiments, it 
may be inserted by an automated system, such as a robotic 
system. In step 220 the PDC element and mask are placed in 
a leaching vessel. In this step, the PDC element and mask may 
be first placed in a leaching vessel and then the leaching agent 
may be added, or the leaching agent may be added to the 
leaching vessel before the PDC element is placed in the 
leaching vessel. This step may also be performed by hand or 
using an automated system, such as a robotic system. When 
the Lewis acid leaching agents described herein, such as 
ferric chloride, are used, it may be particularly safe to perform 
this step by hand. Other potential leaching agents include, but 
are not limited to, aqua regia, hydrochloric acid, NaOH. 
KOH, or halogen gasses. The leaching process may be aided 
by stirring the leaching agent or otherwise agitating it, for 
example by ultrasonic methods, vibrations, or tumbling. 
0049. Next, the PDC element is leached in step 230. 
Leaching may take place over a time span of a few hours to a 
few months. In particular embodiments, it may take less than 
one day (24 hours), less than 50 hours, or less than one week. 
Leaching may be performed at room temperature orata lower 
temperature, such as low as 10°C., or at an elevated tempera 
ture, such as up to 800° C. The duration and conditions of the 
leaching step may be determined by a variety of factors 
including, but not limited to, the leaching agent used, the 
depth to which the PDC element is leached, and the percent 
age of catalyst to be removed from the leached portion of the 
PDC element. In various embodiments, the leaching depth 
may be less than 0.05 mm, less than 0.1 mm, less than 1 mm, 
less than 2 mm, or less than 3 mm. In various embodiments, 
at least 85%, at least 90%, at least 95%, or at least 99% of the 
catalyst may be removed to the leaching depth from the 
leached portion of the PDC element. The leaching depth and 
amount of catalyst removed may be selected based on the 
intended use of the PDC element. 

0050. In step 240, the PDC element and mask are removed 
from the leaching vessel. This may occur prior to or after 
removal of the leaching agent from the leaching vessel. After 
removal, the PDC element may optionally be washed, 
cleaned, or otherwise treated to remove or neutralize residual 
leaching agent. Finally, in step 250, the PDC element is 
removed from the mask. All of these steps may also be per 
formed by hand or using an automated system, Such as a 
robotic system. In embodiments where it is safe to place the 
PDC element and mask into the leaching agent by hand, it 
may also be safe to remove them by hand and to performany 
washing, cleaning, or treatment by hand. 
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0051. In a further embodiment, the mask may be reused in 
the same process one or more additional times. In a particular 
embodiment, it may be reused at least twenty times. 
0.052 Leaching Agents and Methods 
0053 According to a second aspect, the disclosure relates 
to leaching agents and methods of employing Such agents to 
remove all or part of the catalyst form a PDC element. These 
leaching agents and methods may be used in conjunction with 
or separate from the protective systems and methods or the 
recycling methods also described herein. 
0054 According to one embodiment, the leaching agent 
may be a Lewis acid, meaning that it is readily able acceptan 
electron pair. The Lewis acid may be selected so that it is able 
to react sufficiently with the catalyst to remove it from the 
leached portion of a PDC element. Notall Lewis acids may be 
able to achieve sufficient reaction with and removal of the 
catalyst. 
0055. In particular, the Lewis acid it may be selected to be 
able to remove a desired amount of catalyst to a desired depth 
in a given time period. In particular embodiments, the amount 
of catalyst removed to the desired depth may be 85%, 90%, 
95%, or 99%. The depth may be less than 0.05 mm, 0.1 mm, 
1 mm, 2 mm, or 3 mm. The time period may range from a few 
hours to a few months. Particularly, it may be less than one 
day (24 hours) or less than one week. 
0056. In certain embodiments, the leaching agent may not 
be a strong Bronstead acid, meaning that it is not a strong 
proton donor. In particular, it may be such a poor Bronstead 
acid that it does not result in burns when the skin is exposed 
to it. 
0057. In particular embodiments, the Lewis acid may be a 
chlorine-based acid, such as, but not limited to certain metal 
chlorides, such as ferric chloride (FeCl) or cupric chloride 
(CuCl2), solutions thereof, and mixtures thereof. The Lewis 
acid may be combined with a Bronstead acid, Such as nitric 
acid (HNO), hydrochloric acid, (HCl), or aquaregia. Certain 
Lewis acid-Bronstead acid combinations, such as CuCl2 
combined with HCl, may be able to leach the catalyst more 
quickly or thoroughly than either acid alone. 
0058. In certain embodiments this leaching agent may be 
reusable up to five or ten times. When a used leaching agent 
is employed, the duration of the leaching process may be 
increased. 
0059. One may evaluate the suitability of other Lewis 
acids as a leaching agent by carrying out a leaching assay to 
determine if the desired properties in the PDC element may be 
obtained after leaching. One may evaluate how many times 
the leaching agent may be reused by employing similar tech 
niques. Some Suitable tests are provided in the Examples 
herein. 
0060. In a particular embodiment, the leaching agent may 
be a ferric chloride solution containing between 0.5 and 50 g 
of ferric chloride, more particularly up to 5g, 10g, 20g, 30 g, 
or 40g of ferric chloride, in 100 mL water. This solution may 
also contain up to 50% by volume hydrochloric acid (HCl). 
nitric acid (HNO-) or aqua regia. 
0061. As shown in FIG. 5, the disclosure includes a 
method 300 of leaching a PCD element. First, in step 310, the 
PDC element is placed in the leaching agent. In this step, the 
PDC element and a protective system may be first placed in a 
leaching vessel and then the leaching agent may be added, or 
the leaching agent may be added to the leaching vessel before 
the PDC element is placed in the leaching vessel. Further 
more, the PDC element may be placed in a protective system 
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before or after addition to the leaching vessel, but typically 
will be placed in the protective system prior to its exposure to 
the leaching agent. 
0062 Next, the PDC element is leached in step 320. 
Leaching may take place over a time span of a few hours to a 
few months. In particular embodiments, it may take less than 
one day (24 hours), less than 50 hours, or less than one week. 
Leaching may be performed at or near room temperature. In 
a particular embodiment, it may be performed at a tempera 
ture of less than 35°C., less than 45° C., or less than 50° C., 
at a temperature above 10°C., or at a temperature of between 
10°C. and 95°C. At temperatures below 95°C., many aque 
ous leaching agents will not volatilize to the point where a 
pressure vessel is needed to avoid dispersal of the leaching 
agent. The duration and conditions of the leaching step may 
be determined by a variety of factors including, but not lim 
ited to, the leaching agent used, the depth to which the PDC 
element is leached, and the percentage of catalyst to be 
removed from the leached portion of the PDC element. In 
various embodiments, the leaching depth may be less than 
0.1 mm less than 0.5 mm, less than 1 mm, less than 2 mm, or 
less than 3 mm. In various embodiments, at least 85%, at least 
90%, at least 95%, or at least 99% of the catalyst may be 
removed to the leaching depth from the leached portion of the 
PDC element. The leaching depth and amount of catalyst 
removed may be selected based on the intended use of the 
PDC element. The leaching process may be aided by stirring 
the leaching agent or otherwise agitating it, for example by 
ultrasonic methods, vibrations, or tumbling. 
0063. In embodiments where Bronstead acids, such as 
hydrochloric acid (HCl), nitric acid (HNO), or aqua regia are 
employed in combination with a Lewis-acid, the leaching 
process may still take place at a lower temperature, lower 
pressure, or both as required to obtain comparable leaching 
results with the Bronstead acid alone. 
0064. In certain embodiments, the leaching agent may be 
reused from prior leaching steps. In particular, it may be 
reused up to five or ten times. When the leaching agent has 
been previously used, the duration of leaching step 320 may 
be increased. 
0065. In step 330, the PDC element and protective system 
are removed from the leaching agent. This may occur prior to 
or after removal of the PDC element from the leaching vessel 
and before or after removal of the leaching agent from the 
leaching vessel. After removal, the PDC element may option 
ally be washed, cleaned, or otherwise treated to remove or 
neutralize residual leaching agent. In a particular embodi 
ment, it may be washed in hot or cold water. The PDC element 
may also be removed from any protective system during or 
after its removal from the leaching vessel or even after any 
washing step. The leaching agent may be removed from the 
leaching vessel before or after the PDC element is removed. 
In general, removal steps may be arranged to avoid exposure 
of any protected portion of the PDC element to leaching 
agent. 
0066 All steps involving manipulation of the PDC ele 
ment may also be performed by hand or using an automated 
system, Such as a robotic system. Due to the relatively safe 
nature of many Lewis acids, it may be particularly possible to 
perform these steps by hand. 

Recovery and Recycling Processes 
0067. According to a third aspect, the disclosure also pro 
vides processes for recovery and recycling of Group VIII 
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metals, such as Cobalt (Co) and Nickel (Ni) and, Iron (Fe) and 
alloys thereof. According to one process, 400, shown in FIG. 
6, a PDC or carbide element to be recycled is placed in a 
strong Lewis acid, such as a Lewis acid described above as a 
leaching agent. In one example, the Lewis acid may include a 
solution of between 0.5 and 50 g ferric chloride in 100 mL 
water. In step 410, a desired amount of Group VIII metal is 
leached from the PDC or carbide element. In certain embodi 
ments, the desired amount may be at least 90%, at least 95%, 
or at least 99% or the Group VIII metal. In step 420, the Lewis 
acid/Group VIII metal solution is removed from any solid 
remains of the PDC or carbide element. In step 430, the pH is 
adjusted to cause the Group VIII metal to precipitate from the 
Lewis acid/Group VIII metal solution. For example, in a 
solution of ferric chloride and cobalt, if the solution pH is 
adjusted to around pH 7 or higher, the cobalt will precipitate. 
Finally, in step 440, the precipitated Group VIII metal is 
collected. 

0068. In certain embodiments, the Lewis acid may be 
reused again in the same process. In other embodiments it 
may be a leaching agent that has already been used for leach 
ing. In these embodiments, the leaching agent may not per 
form as well in leaching as unused leaching agent, but may 
still work sufficiently well for a recovery process, which may 
have less stringent process parameters. For example, a recov 
ery process may require more time than is acceptable for a 
leaching process. These embodiments provide the added ben 
efit of allowing further use of used leaching agents before 
they are disposed of limiting waste and controlling cost. 
0069 Process parameters, such as temperature, concen 
tration and identity of the Lewis acid, process duration, pH 
used to precipitate the Group VIII metal, and processes for 
collection of the precipitated metal may vary depending on 
the metal to be recovered and the properties, such as size, of 
the PDC or carbide element to be recycled. 
0070. In some embodiments, the process parameters for 
the leaching step of the recovery process may be the same as 
or similar to the process parameters described above for 
leaching. For example, the leaching step of the recovery pro 
cess may take place over a time span of a few hours to a few 
months. In particular embodiments, it may take less than one 
day (24 hours), less than 50 hours, or less than one week. 
However, due to less stringent economic constraints or other 
factors, it may be acceptable for the leaching step of a recov 
ery process to take longer than the leaching step for leaching 
a PDC. For instance, the leaching step may take as long as six 
months. 
0071 Leaching in the recovery process may be performed 
at or near room temperature. In a particular embodiment, it 
may be performed at a temperature of less than 35°C., less 
than 45° C., or less than 50°C., at a temperature above 10°C., 
or at a temperature of between 10° C. and 95°C. Attempera 
tures below 95°C., many aqueous leaching agents will not 
volatilize to the point where a pressure vessel is needed to 
avoid dispersal of the leaching agent. Temperature control of 
leaching during recovery processes may be less important 
than during leaching of PDCs. 
0072. In some embodiments, the leaching part of the 
recovery process may be aided by stirring the leaching agent 
or otherwise agitating it, for example by ultrasonic methods, 
vibrations, or tumbling. 
0073. In general, the parameters of the leaching part of the 
recovery process may be governed by a variety of factors, 
such as the amount of Group VII metal to be removed, cost of 
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leaching agents and operation of process control devices, and 
space occupied by the leaching process. 
0.074. In embodiments where Bronstead acids, such as 
hydrochloric acid (HCl), nitric acid (HNO), or aquaregia are 
employed in combination with a Lewis-acid, the leaching 
process may still take place at a lower temperature, lower 
pressure, or both as required to obtain comparable leaching 
results with the Bronstead acid alone. 
0075 All steps involving manipulation of the PDC or car 
bide element may be performed by hand or using an auto 
mated system, such as a robotic system. Due to the relatively 
safe nature of many Lewis acids, it may be particularly pos 
sible to perform these steps by hand. 
0076 Particularly in embodiments where Cobaltor Nickel 
are recycled and recovered, protective measures may be taken 
to avoid human exposure to toxic levels of these metals. 
0077. In certain embodiments, after the Group VIII metal 

is collected, the pH of the leaching agent may be readjusted to 
a pH suitable for leaching a Group VIII metal from a PDC or 
carbide element. For example, it may be readjusted to the 
original pH it had before the recovery process was performed. 
0078. In still another embodiment, a shortened version of 
the process may be used to recover metals from a Lewis 
acid-based leaching agent. In this embodiment, the pH of the 
leaching agent, after leaching, may be adjusted to cause 
Group VIII metals found in the leaching agent to precipitate. 
These metals may then be collected. 
0079. Example PDC or carbide elements for the process 
may be used to recover and recycle metals include, but not 
limited to cemented carbide products including rotary bur 
blanks, carbide disc cutters, inserts incorporated in drill bits 
for mines and oil field, drawing die blanks, rods, strips, 
clamped inserts, turnover knives, profile knives, end mills, or 
any other products produced by Kennametal Inc., Sandvik A 
B. Yueqing Jinfeng Cemented Carbide Co., Ltd. or other 
similar companies. The process may also be used to recovery 
and recycle metals from any product produced by the infil 
tration or hot-pressing of matrix bodies incorporating hard 
metals captured in a metal alloy of a lower melting tempera 
ture. 

EXAMPLES 

0080. The following examples are provided to further 
illustrate certain embodiments of the invention. They are not 
intended to limit the invention to the components, composi 
tions, systems, techniques, or methods described in these 
examples. 

Example 1 

Techniques Used to Evaluate Effectiveness of Leach 
ing Agents and Protective Systems 

0081. The location and amount of leaching in a PDC ele 
ment may be determined using any of a variety oftechniques 
including, but not limited to: a) digital real-time radioScopy, 
which may determine leaching depth and PDC integrity in a 
non-destructive manner, b) micro-examination of polished or 
fractured Surfaces using optical or scanning electron micro 
Scopes or using a micro-hardness test, which may determine 
leaching depth, position of the leached region, and integrity of 
the PDC, which may be destructive or non-destructive c) 
density tests, which indicate loss of Cobalt as density 
decreases, magnetic Saturation, which indicates loss of 
Cobalt as this property decreases and d) coercivity, which 
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indicates loss of Cobalt as this property increases. Testing 
may be destructive or non-destructive. These techniques may 
be used in conjunction with the present disclosure to deter 
mine the effectiveness of potential leaching agents and pro 
tective systems as well as the parameters of methods using 
leaching agents and protective systems to obtain desired 
amounts of leaching or the parameters of recovery and recy 
cling methods. 

Example 2 

Carbide Insert Comparison of Ferric Chloride and 
Aqua Regia Leaching Agents and Determination of 
Influence of Grain Size and Reuse of Reagents on 

Leaching 

I0082. The destructive effects of leaching agents on tung 
sten carbide substrates are largely due to the ability of leach 
ing agents to remove Group VIII metals, such as Co. Fe and Ni 
and alloys thereof from the tungsten carbide much more 
quickly than they are removed from PDC. As a result, tung 
Sten carbide containing Group VIII metals provides a good 
model for short duration, lower cost tests of potential leaching 
agents. The tests performed in the Example 2 were therefore 
conducted using cobalt cemented tungsten carbide inserts. 
I0083. In these tests, eight inserts were subjected to test 
conditions in which either the leaching agent, grain size of the 
carbide, or fresh vs. reused condition of the leaching agent 
was varied. The leaching agent was either aqua regia (1 part 
nitric acid--3 parts hydrochloric acid) or ferric chloride (6 g 
ferric chloride in 100 mL water). The carbide grade (grain 
size/cobalt content) was either grade 612 or grade 410. The 
reagent was either freshly prepared, or had previously been 
used to leach at least one tungsten carbide insert. 
0084. The carbide inserts were then leached for 3 hours at 
room temperature, washed to remove the leaching reagent, 
removed from the PTFE masks, then cutground and polished. 
Leaching depth was determined at a magnification of 200x. 
Leaching depths for the various test conditions are Summa 
rized in Table 1. 

TABLE 1 

Leaching Depth 

Carbide Grade Fresh Leaching 
Leaching (Grain size?cobalt or Used depth 
Reagent content) Reagent (microns) 

FeCl 612 Fresh 304 
FeCl 612 Used 149 
FeCl 410 Fresh 224 
Aqua regia 612 Fresh 116 
FeCl 410 Used 154 
Aqua regia 410 Fresh 58 
Aqua regia 612 Used 83 
Aqua regia 410 Used 49 

I0085 Micrographs of the carbide inserts showing leach 
ing depths are also provided in FIGS. 7A-D (ferric chloride) 
and FIGS. 8A-D (aqua regia). 
I0086. Use of ferric chlorideas a leaching agent, regardless 
of the other conditions, resulted in an increased leaching 
depth of 131 microns on average, nearly three times as deep, 
as compared to aqua regia, regardless of the other conditions. 
This indicates that ferric chloride is a more effective leaching 
agent than agua regia at room temperature. 



US 2012/015 1847 A1 

0087 Use of a larger grain size, regardless of the other 
conditions, resulted in an increased leaching depth of 42 
microns on average. This is likely a result of an increased 
ability of the leaching reagent to penetrate the carbide insert 
when grain sizes are larger. 
0088 Use of a fresh versus used reagent, regardless of 
other conditions, resulted in an increased leaching depth of 67 
microns on average. Similarly, looking at aqua regia or ferric 
chloride separately, a decrease in leaching depth is seen when 
employing used leaching agent. Although fresh leaching 
agent appears preferable, in both instances, leaching agent 
may be reused with adjustments in leaching time. 

Example 3 

PDC Comparison of Ferric Chloride and Aqua Regia 
Leaching Agents and Determination of Influence of 

Grain Size and Leaching Duration 
0089. The ability of ferric chloride or aqua regia prepared 
as described in Example 2 to leach actual PDC element was 
tested using various PDC element with different diamond 
grain sizes. The PDC elements were placed in a PTFE mask as 
described herein to further test the ability of the mask to 
protect the inserts. The interior cavity of the mask used gen 
erally conformed to the shape of the insert and, at the contact 
band, the difference between the inner diameter of the interior 
cavity and the outer diameter of the carbide insert was 
between negative 7.62 microns to positive 91.44 microns. The 
PDC elements were then leached at room temperature for 
either 6 hours or 12 hours. The decrease in density, magnetic 
saturation, and increase in coercivity, which indicates leach 
ing, was measured for each sample. Results for ferric chloride 
are presented in Table 2. Results for aqua regia are presented 
in Table 3. 

TABLE 2 

Ferric Chloride Effects on Density, Magnetic Saturation, and Coercivity 

Magnetic 
Density Saturation Coercivity 

Grain Size Leaching time % Decrease % Decrease % Increase 

Coarse 12 hours O.08 O.22 O.09 
Coarse 6 hours O.162 O.11 O.O45 
Fine 12 hours O.229 0.37 O.76 
Fine 6 hours O.O76 O.12 -0.2 

TABLE 3 

Aqua Regia Effects on Density, Magnetic Saturation, and Coercivity 

Magnetic 
Density Saturation Coercivity 

Grain Size Leaching time % Decrease % Decrease % Increase 

Coarse 12 hours O.24 O.22 -O.33 
Coarse 6 hours O.O81 -0.11 -0.04 
Fine 12 hours O O.24 O.04 
Fine 6 hours O.O76 O O.25 

0090. These data overall show that ferric chloride depleted 
cobalt the most in a fine grain PDC when it was leached for 12 
hours. Ferric chloride depleted cobalt the least in a fine grain 
PDC when it was leached for 6 hours. Ferric chloride was able 
to deplete more cobalt from a coarse grain PDC after only 6 
hours of leaching than in a fine grain PDC after 12 hours. 
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Accordingly, grain size is likely an important factor in the 
leaching parameters for PDCs when using a ferric chloride 
reagent, but ferric chloride was able to measurably deplete 
cobalt from fine grain PDCs. In contrast, although aqua regia 
was able to leach coarse grain PDCs more effectively than 
ferric chloride, it was less effective in leaching fine grain 
PDCs, showing a similar change after 6 hours, but no further 
change at 12 hours. Accordingly, ferric chloride may be a 
Superior leaching agent for fine grain PDCs at room tempera 
ture. 

Example 4 
Testing of Additional Lewis Acids 

0091 To determine the ability of additional Lewis acids to 
leach Cobalt from tungsten carbide cutters, Grade 510 10% 
Co cutters were leached at room temperature in one of four 
leaching agents for three hours. Two cutters were leached per 
agent to provide comparative results. The leaching agents 
were a) aqua regia (1 part nitric acid--3 parts hydrochloric 
acid), b) ferric chloride (10g ferric chloride in 100 mL water), 
c) aluminum chloride (10 g aluminum chloride in 100 mL 
water, or d) fluorosilicic acid (100 g fluorosilicic acid in 100 
mL water). Results (averaged between two samples, which in 
each instance provided similar results) are provided in Table 
4. 

TABLE 4 

Leaching with Additional Lewis Acids 

Magnetic Leaching 
Density Saturation Coercivity depth 

Agent % Decrease % Decrease % Increase (microns) 

Ferric O.O34 14.339 4.043 357 
Chloride 
Aqua Regia O.O34 2.887 2.371 85 
Aluminum -0.034 O.OOO -2.490 5 
Chloride 
Fluorosilicic O.O34 O.OOO -1.004 14 
Acid 

0092. For ferric chloride and aqua regia, leaching depths 
were similar to those observed in Example 2, with ferric 
chloride showing much greater leaching depths than aqua 
regia. Neither aluminum chloride nor fluorosilicic acid were 
Successful leaching agents under the conditions tested, indi 
cating that not all strong Lewis acids are Suitable leaching 
agents. Photomicrographs of the leached cutters are shown in 
FIGS. 9, 10, 11 and 12. 
0093 Decreases in magnetic density and magnetic satu 
ration and an increase in coercivity were observed when ferric 
chloride and aqua regia were used as leaching agents. The 
magnitude of change in magnetic Saturation and coercivity 
was much greater than in Example 3, consistent with the use 
oftungsten carbide cutters in this example and PDC cutters in 
Example 3. As measured by these parameters, aluminum 
chloride and fluorosilicic acids were also not suitable leach 
ing agents under the conditions used. 

Example 5 
Combination Leaching Agents 

0094 Combinations of Lewis acids and Bronstead acids at 
low temperature, low pressure leaching agents were further 
explored. 
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0095. The relatively weak Lewis acid, cupric chloride, 
was combined with hydrochloric acid and used to leach a 
Grade 510 10% Cobalt tungsten carbide cutter at room tem 
perature for 3 hours. The leaching agent contained 10g CuCl 
in 100 mL HO and 25 mL HC1. Results are shown in FIG. 
13A. The cutter was leached to a depth of 172 microns. As a 
comparison, the same type of cutter was also leached under 
the same conditions using a solution of 10 g. FeCls in 100 mL 
HO and 25 mL HC1. Results are shown in FIG. 13B. The 
cutter was leached to a depth of 183 microns. 
0096. Overall, these results show that strong Lewis acids, 
such as ferric chloride, able to leach well on their own may not 
benefit from the addition of a Bronstead acid. Ferric chloride 
alone, as shown in Table 4, was able to leachanidentical cuter 
under identical conditions to a depth of 304 microns, as 
opposed to the depth of 183 microns obtained when hydro 
chloric acid was added. 

0097. The results also show, however, that weak Lewis 
acids, such as cupric chloride, may benefit from the addition 
of a Bronstead acid and, in combination with the Bronstead 
acid, form a leaching agent Suitable for use under low tem 
perature and low pressure conditions. 
0098. To further explore combinations of Lewis acids and 
Bronstead acids, ferric chloride was combined with aqua 
regia and used to leach a 510 Grade 10% Cobalt tungsten 
carbide cutter for three hours at room temperature. The leach 
ing agent contained 20 g. FeCls in 100 ml HCl, 20 ml HNO. 
and 100 ml H.O. Results are show in FIG. 14. Leaching depth 
was only 47 microns, thus, when compared to the data pre 
sented in Table 4, indicating that ferric chloride exhibits supe 
rior performance when used alone instead of combined with 
aqua regia under the conditions tested. 
0099. Although only exemplary embodiments of the 
invention are specifically described above, it will be appreci 
ated that modifications and variations of these examples are 
possible without departing from the spirit and intended scope 
of the invention. For example, in the specification particular 
measurements are given. It would be understood by one of 
ordinary skill in the art that in many instances other values 
similar to, but not exactly the same as the given measurements 
may be equivalent and may also be encompassed by the 
present invention. As another example, one of ordinary skill 
in the art will recognize that certain non-Group VIII catalysts 
may be leached using the systems, agents and methods 
described herein. Furthermore, one of ordinary skill in the art 
will recognize that the systems, agents and method described 
herein may be used with PDCs made of either natural or 
synthetic diamond, or both. 

1. A PDC element protective system comprising a mask 
configured to protect a non-leached portion of a leached poly 
crystalline diamond compact (PDC) element during a leach 
ing process, said mask formed from or coated with polytet 
rafluoroethylene (PTFE). 

2. The system of claim 1, wherein the PTFE comprises 
unfilled PTFE. 

3. The system according to claim 1, wherein the PTFE 
comprises filled PTFE. 

4. The system according to claim 1, wherein the mask 
comprises a contact band configured to contact the PDC 
element during leaching and prevent movement of a leaching 
agent via capillary action. 
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5. The system according to claim 4, wherein an inner 
diameter of the contact band and an outer diameter of a region 
of the PDC element contacted by the contact band differ by 
less than 100 microns. 

6. The system according to claim 1, wherein the non 
leached portion of the leached PDC element comprises a 
substrate. 

7. The system according to claim 1, wherein the non 
leached portion of the leached PDC element comprises an 
interface between a PDC and a substrate. 

8. The system according to claim 1, wherein the PDC 
element comprises a cutter for an earth-boring drill bit. 

9. The system according to claim 1, wherein the mask 
comprises an inner cavity configured in generally the same 
dimensions as the PDC element. 

10. The system according to claim 1, wherein the mask 
comprises an inner cavity configured to dimensions larger 
than the dimensions of the PDC element. 

11. A PDC element leaching system comprising: 
a mask configured to protect a non-leached portion of a 

leached polycrystalline diamond compact (PDC) ele 
ment during a leaching process, said mask formed from 
or coated with polytetrafluoroethylene (PTFE); and 

a leaching vessel configured to contain the mask and PDC 
element during the leaching process. 

12. The system of claim 11, wherein the PTFE comprises 
unfilled PTFE. 

13. The system according to claim 11, wherein the PTFE 
comprises filled PTFE. 

14. The system according to claim 11, wherein the mask 
comprises a contact band configured to contact the PDC 
element during leaching and prevent movement of a leaching 
agent via capillary action. 

15. The system according to claim 14, wherein an inner 
diameter of the contact band and an outer diameter of a region 
of the PDC element contacted by the contact band differ by 
less than 100 microns. 

16. The system according to claim 11, wherein the non 
leached portion of the leached PDC element comprises a 
substrate. 

17. The system according to claim 11, wherein the non 
leached portion of the leached PDC element comprises an 
interface between a PDC and a substrate. 

18. The system according to claim 11, wherein the PDC 
element comprises a cutter for an earth-boring drill bit. 

19. The system according to claim 11, wherein the mask 
comprises an inner cavity configured in generally the same 
dimensions as the PDC element. 

20. The system according to claim 11, wherein the mask 
comprises an inner cavity configured to dimensions larger 
than the dimensions of the PDC element. 

21. The system according to claim 11, wherein the leaching 
vessel comprises a pressure vessel. 

22. The system according to claim 11, wherein the leaching 
vessel is formed from or coated with PTFE. 

23. The system according to claim 11, wherein the system 
further comprises at least one additional element formed from 
or coated with PTFE. 

24. The system according to claim 11, wherein the system 
further comprises a leaching agent. 

25. The system according to claim 24, wherein the leaching 
agent comprises aqua regia. 
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26. The system according to claim 24, wherein the leaching 
agent is selected from the group consisting of ferric chloride 
(Fe(Cl), cupric chloride (CuCl2), Solutions thereof, and com 
binations thereof. 

27. A method of leaching a PDC element comprising: 
inserting a PDC element into a mask formed from or coated 

with polytetrafluoroethylene (PTFE): 
placing the PDC element and mask into a leaching vessel; 
leaching at least one catalyst from the PDC element; 
removing the PDC element and mask from the leaching 

vessel; and 
removing the PDC element from the mask. 
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28. The method according to claim 27, wherein one or 
more steps are performed by hand. 

29. The method according to claim 27, wherein one or 
more steps are performed by an automated system. 

30. The method according to claim 27, further comprising 
adding a leaching agent to the leaching vessel. 

31. The method according to claim 27, wherein the leach 
ing step has a duration of less than 50 hours. 

32. The method according to claim 27, wherein the leach 
ing step is carried out at a temperature between 10° C. and 95° 
C. 


