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computerized numerically-controlled (referring to a machine tool controller) 
when referred to steel, indicates that it contains a “dual-phase” microstructure that 

hole extension factor; the dimensionless ratio of the thermally drilled and tapped hole 
contains martensite islands in a ductile ferrite matrix. 

length to the original workpiece thickness. EF can alternatively be expressed as 
a percentage. 

grams-force 
used in conjunction with HV, expresses the applied indentation load in units of 

hydro-formed material (steel) 
when referring to steel, high-strength, low-alloy type 
high-strength steel 
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Oak Ridge National Laboratory 
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1.0 PROJECT OVERVIEW 

The objective of this project was to demonstrate the feasibility of thermally drilling holes in a 
variety of steels and light metals that are of interest to the automotive industry. Diverse product forms of 
interest include sheet stock, thin-walled castings, rolled shapes, extruded tubing, and hydroformed shapes. 
Thermal drilling (ThD) is a process similar in concept to friction stir welding in which the frictional heat 
of a spinning tool bit causes the material to soften and deform, thus opening up a hole and at the same 
time extruding material from the exit side. The latter forms a bush that effectively lengthens the hole, a 
joint strengthening advantage when threading the hole to insert a mechanical fastener. Displacing the 
material rather than generating cutting chips is a significant advantage in waste disposal. The ThD bush 
could replace conventional weld nuts, enable drilling of certain parts on which the insertion of a nut from 
the inside is problematical, avoiding the need to cast-in bosses, and enable simpler part designs. A wide 
variety of parts can be improved by ThD fastener holes. These include chassis sections, brackets, 
dashboard components, and frame rails. The weight-saving advantages of ThD are further augmented by 
the fact that ThD requires no coolant fluids and generates few if any cutting chips. 

Eleven alloys, some of which comprised several thicknesses and product forms, were selected for 
study and provided to ORNL by USAMP team members. Thermal drilling bits were provided by two 
companies (FlowdrillTM and Danley Tool, a supplier for FormdrillTM). Some of the bits were purchased 
and some tools were in-kind contributions to the effort. A CNC vertical milling machine was used to 
thermally-drill the alloys using conditions that were found by ORNL staff to be suitable. As proof of 
concept, most holes were drilled for metric (M6) fasteners, but several holes were also drilled for M8 
fasteners. Holes were subsequently tapped and the bush lengths were measured. After milling to remove 
the bosses or burrs at the in-feed side of the holes, plates were sent to Pacific Northwest National 
Laboratory (PNNL) for clamp load testing on a specialized test rig. 

can occur, and these largely had to do with the quality of the extruded bushes. In some cases, a nice, 
uniform conical bush was formed. There were usually some crenulations (thin, jagged edges) at the exit 
end of the bush, but these commonly broke off during the subsequent tapping operation. Sometimes, 
there were tears in the bush. Some were short, but others extended as far up the bush as the rear surface 
of the original workpiece. Sometimes, there were so-called ‘flower-petal’ defects that peeled back from 
the hole and could not be used for tapping. Photographic examples of these are given elsewhere in this 
report. 

four categories: 

During the course of the project, it became clear that several different kinds of responses to ThD 

Based on a visual examination of the as-formed bushes, the ThD characteristics were grouped into 

Category A: ‘Good’. Can be thermally drilled with relative ease so as to produce suitable, tapped 
holes. 

Category B: ‘Special Processing.’ Thermally-drillable but requires certain auxiliary, special 
processing steps to ensure acceptable hole characteristics. 

Category C: ‘Marginal.’ Potential to be thermally-drilled, but requires further process 
development to improve the results. Such additional work was beyond the scope of this effort. 

Category D: ‘Poor.’ Current results did not indicate that this material could be thermally drilled 
with acceptable hole quality. 

Table 1 .I  lists the alloys and product forms evaluated for ThD along with their general ratings that 
were based on the appearance of the as-drilled hole. A listing of suitable, but not necessarily optimal, 
drilling speeds, in-feed rates, and special procedures to produce acceptable holes in each A-, B-, or C- 
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rated alloy in Table 1. I has been included in the main section of this report. The fact that a given alloy or 
product form is rated D does not definitely rule out ThD for that material, but suggests that additional 
effort would be required to achieve suitable results. 

Alloy 

Aluminum 

Table 1.1 Alloys, Product Forms, and Thermal Drillability Ratings 

Designation Form and Thickness Category 
~~~~ 

A380 Die casting (4.1 mm) B 

Magnesium 

A31 9-T5 Die casting (4.1 mm) B 

AZ91 Die casting (1 5, 3.0, 6.0 mm) C 

AM60 Die casting (3.0 mm) B 

Steel 

An alloy's response to ThD depends on its properties, thickness, and microstructural condition. 
Therefore, the same ThD conditions cannot be used for all materials. The spindle speeds for aluminum 
(AI) and magnesium (Mg) alloys were considerably higher than those for steel. The pick-up (adhesive 
transfer) of A1 and Mg materials onto the ThD bits causes a rise in friction and contributes to less precise 
control of hole dimensions than was observed in the steels where such pick-up was minimal. Special 
auxiliary processes, like the use of small pilot holes, application of drilling paste, and preheating the 
workpiece were applied in some cases. A special fixture was designed and built to study the effects of 
pre-heating on cast A1 alloys, but pilot holes were more effective than preheating (up to 260' C) in 
producing usable extrusions in AI and Mg. Auxiliary processes were not always successful in producing 
suitable holes for threading. 

for steels thicker than 2.0 mm, the fastener broke rather than stripping the threads, suggesting that the 
added thread lengths provided by the thermal-drilling increased maximum clamp load. 

In summary, ThD was found to be a promising technology for weight saving in the manufacturing of 
automotive components from certain metals and alloys, notably high strength steels like DP600 and 
DP780. It also shows promise for both AI and Mg alloys, but for Mg die-cast plates, the microstructure at 
the drilling locations made a difference between acceptable and unacceptable as-drilled hole quality. 

Clamp load tests of ThD samples provided very good results in many cases. In some instances, as 

AE44 Die casting (3.0 mm) C 

AM50 Die casting (3.0 mm) B 

DP 600 HSS Sheet A 
DP 780 HSS Sheet A 

Hydroformed shape A 
HSLA50 HSS Sheet A 
TRIP 800 HSS Sheet D 
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2.0 BACKGROUND AND OBJECTIVES 

Thermal drilling is a non-traditional hole-making method. It uses the heat generated from friction 
between a rotating conical tool and the workpiece to soften and penetrate the work-material, eventually 
generating a hole. The process has been studied since the 1970’s [ 1,2] but has not seen significant 
application in the auto-industry. Instead, it has been used in niche fastening applications, like hospital 
carts and motorcycle exhaust pipe brackets. Only recently, has more attention been given to ThD in trade 
publications [3]. 

Thermal drilling has the following advantages: 

Unlike traditional drilling, ThD generates no cutting chips. 

ThD does not require drilling fluid that must be handled and disposed of. 

0 By forming an extruded bush, ThD thickens the effective tappable thickness of thin workpieces, 
like sheet stock and thin walled castings, so that weld nuts (with their added weight and assembly 
operations) may not be needed. 

0 ThD may enable designs that would otherwise be difficult due to a need to install nuts or to have 
access to the exit side of the hole. 

0 ThD has the potential to reduce the hole bore tolerance, especially in steels. 

0 ThD could simplify manufacture of chassis components from light-weight materials. 

0 Relative to punched holes, the ThD surface stays flatter, avoiding a dished effect. 

Since ThD was felt to have sufficient potential to save both weight and cost in automotive and truck 
manufacturing, a study was undertaken by the United States Department of Energy, working with United 
States Automotive Materials Partnership, Advanced Metals Division  US AMP-AMD), to evaluate ThD. 

The objective ofthis project was to demorzstrate the feasibility of thermally drilling holes in a 
variety of steels and light metuls that are of interest to the automotive industry. 

In order to accomplish this objective, ThD trials would have to be conducted on a variety of alloys 
and product forms selected by USAMP-AMD. After conducting ThD trials using a range of conditions to 
try to achieve the desired hole characteristics, the holes would be further examined to determine their 
suitability for tapping. Those found suitable would be tapped and strength tested (‘maximum clamp 
load’) with metric fasteners. Dimensions of the tapped holes would also be measured and correlated with 
their measured maximum clamp loads. 

2.1 PROCESS DESCRIPTION 

Thermal drilling is sometimes called friction drilling, flow drilling, form drilling, or friction stir 
drilling. In several stages, the process forms a bushing in-situ from the sheet metal workpiece and is a 
clean, chipless process. One common configuration used for ThD is schematically shown in Figure 2.1. 
It involves a conically-shaped tool with a cylindrical section and a wide upper stop. The upper stop can 
be replaced by a boss cutter in some configurations. 



Figure 2.1. Schematic representation of the initial penetration (left) and 
fully-penetrated (right) stages of ThD. 

Initially, the tip of a spinning conical tool (usually composed of metal-bonded tungsten carbide) 
penetrates the workpiece (Fig. 2.1, left side). The friction force on the contact surface generates heat that 
in turn softens the work-material. As the tool enters the workpiece it pushes the softened work-material 
sideward, and pierces through the workpiece. Having penetrated the workpiece, the tool moves further 
down to form the bushing using the cylindrical section of the tool. The shoulder of the tool may contact 
the workpiece to form a boss of material on top (Fig. 2.1, right side). Finally, the tool retracts and leaves 
a hole with its extruded bushing. As described later in this report, the thickness of the bushing is typically 
two to three times that of the original workpiece depending on the thickness of the stock. Unlike the case 
where the stock is drilled and tapped in the traditional way, the self-formed bush can be threaded to 
provide stronger support for joining devices to the sheet metal workpiece. 

some degree. These include: 
A variety of process and materials variables can influence the effectiveness of the ThD process to 

Spindle speed (rpm) 
In-feed rate of the bit 
ThD bit shape and size 
Type of tap (thread-forming, thread-cutting) 
Thickness of the workpiece 
Temperature-dependent, thermomechanical properties of the workpiece (thermal conductivity, 

Frictional characteristics of the tool/workpiece interface 
Adhesive transfer characteristics of the workpiece material to the tool 
Fixturing methods (e.g., adequate support for in-feed forces, thermal conduction paths) 
Shape or product form of the workpiece (flat thin sheet vs. a casting or a formed shape) 
Workpiece microstructure (e.g., pre-existing casting defects, textures, grain size variations) 
Use of drilling paste, pilot holes, pre-heating, and other auxiliary procedures 

thermal expansion, ductility, shear strength, elasticity) 

There was insufficient time or resources in this concept feasibility project to fully explore the effects 
of the many variables that can affect ThD. Variables studied for each material, as time permitted, 
included spindle speed, in-feed rate, use of special drilling paste, two commercial varieties of ThD bits 
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with several diameters, and the use of certain auxiliary processes like drilling pilot holes or pre-heating 
the workpiece. 

Conceptually, ThD depends on frictional heating and the localization of thermal energy in the 
surface of the part in the region where the hole is to be produced. Therefore, two of the key issues 
confronting the potential user are the generation and localization of heat. Frictional heat is generated at 
the tool-stock interface. In general, other factors being equal, as the speed and friction coefficient 
between the tool and workpiece increase, so does the frictional work per unit time. Competing with that 
is the tendency of certain materials, like aluminum to conduct heat away quicker than others, like 
titanium. In more thermally conductive materials, the heat is lost faster and that usually requires a higher 
spindle speed to maintain the desired local temperature. Where frictional heating is inadequate to 
maintain sufficient ductility, external heating may be required. Miller has previously studied the effects 
of pre-heating on the ThD characteristics of cast alloys [4]. That work was used to help design a heating 
fixture for a portion of this work. Of course, any auxiliary process adds cost and complexity to the 
manufacturing operation. 

carefully or be strong enough to withstand the down-feed forces without undesirable deflection. Thinner 
stock, like rolled sheets a few millimeters thick, must be supported by fixturing that allows space for the 
bush to be formed on the exit side. Other forms of workpieces, like thin-walled castings, thicker plate, 
angled sections, extruded tubing, or the walls of hydroformed sections, may have sufficient strength and 
rigidity to enable ThD without closely located supports. 

In the course of this work, neither the metallurgical response of the materials to ThD nor modeling 
of the ThD process were seen as priorities of the USAMP team; however, ORNL and co-workers at the 
University of Michigan have conducted prior investigations of these ThD aspects [5-71. 

A number of areas for future research and development are described in the concluding section of 
this report. Some of these issues may be suitable for follow-on work under either government or private 
industry sponsorship. 

Since mechanical indentation and deformation is required, the workpiece must either be fixtured 
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3.0 PROJECT PLAN 

The project plan consisted of a series of four tasks, described as follows: 

( 1  ) Alloy Selection. The USAMP project team selected and provided alloys to ORNL. 

(2) Thermal Drilling Trials. ORNL obtained tooling, designed and built fixtures, and conducted 
ThD experiments to determine which alloys and product forms are the most thermally-drillable. The 
effects of the following variables were investigated, some on all alloys, and some on selected samples of 
steel, aluminum, and magnesium material: 

0 

0 

In-feed rate 

ThD tool diameter (suitable for M6 or M8 fasteners) 
Tap type - thread-forming (steels and AI alloys), thread-cutting (Mg alloys) 
Bit design (three- versus four-lobed) 
Spindle speed (in the range 2000 - 10,000 rpm) 

Use of additional processing methods like pre-heating or workpiece lubrication 
Material type and form (cast, rolled, hydroformed) 

( 3 )  Clamp Load Testing. Clamp load tests were performed on ThD and tapped samples to assess 
their load bearing capacity and resistance to stripping. Comparisons were made to traditionally drilled 
and tapped holes and weld nuts. Results were correlated with drilling conditions. 

14) Data Collection and Final Reporting. Data on suitable drilling conditions, hole dimensions, and 
maximum clamp loads for the successfully ThD and tapped holes in various alloys were collected and 
summarized. 

3.1 SELECTED ALLOYS. 

Alloys and product forms used in these studies are listed in Table 3.1. Figure 3.1 shows the forms of 
typical AI and Mg die-casting samples. Except for a few samples of hydroformed DP 780, steel 
specimens were generally provided as flat plates. 

Aluminum. The aluminum alloys were in the form of die-cast, boss test plates (Fig. 3.l(a)). ThD 
holes were placed in the thinner sections in the rectangular areas between the raised bosses. The 
material was about 4.1 mm thick in the drilled locations. 
Magnesium. Magnesium alloys were provided as tabular die-cast coupons (Fig. 3.1 (b)), tapered 
on one end and with a hole at that end. It was later found, and will be further described in this 
report, that the microstructures of those coupons was not the same at both ends and those 
variations caused certain distinct differences in their ThD response. 
Steels. Steels were generally provided in sheet form, although several hydroformed tubes of DP 
780 were also supplied. Since these tubes were not flat, test specimens and clamp-load test 
fixtures had to be modified. Thus, the preliminary results do not reflect the best possible 
performance. 
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Table 3.1 Alloys and Product Forms Used in this Project 

TRIP 800 
HSS 

ed, hydroformed shapes (- 2.5 -3.0 

Sheet (1.0 mm) 

Figure 3.1. Typical form of aluminum (a) and magnesium castings (b). 

3.2 TOOLING. 

Tools from two manufacturers were used in this work: FormdrillTM and FlowdrillTM. For the same 
nominal hole diameters these differed in two main ways. Firstly, the FormdrillTM tools had a tri-lobed 
design and the FlowdrillTM tools had a four-lobed design. That refers to slight periodic deviations from 
cylindricity within the straight sections of the tools. The lobe-like designs could be observed by looking 
carefully at the tools from the end, but they were not so prominent as to be obvious to the casual observer. 
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Secondly, the FlowdrillTM tool shanks were slightly smaller in diameter than those from FormdrillTM, so 
that the same collet could not be used to hold them on our SabreTM machine tool. Most of the earlier 
work, including that reported by Miller et al, was done using FormdrillTM tools. Some of the later work 
was done using FlowdrillTM tools. A selection of 5.3 mm diameter FormdrillTM tools is shown in Figure 
3.2 and the typical features of a tool are shown in Figure 3.3. Cross-sections of typical thermally-drilled 
holes, showing the shape of holes drilled with bits without cutters, are shown in Figure 3.4 

I 

I 
1 
I 

I 

Figure 3.2 ThD tool bits (FormdrillTM). The two bits in the front are boss cutting types and the six 
behind them are boss-forming types. 

A 

Shank region 

\/  
I , 
I 

I 
$ 
I 

/ \  

Figure 3.3. Typical features of a ThD tool bit, flat-shouldered type. 

/\ 

\ /  
A 

Shoulder region 

h,, Cylindrical region 

\ /  
\ 

h,, Conical region 

h ,  Center region 
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2.0 mm 

Figure 3.4 Polished cross-sections of thermally drilled holes in 1020 steel (left), Mg alloy AZ 
91 D (right). Bubbles are in the mounting medium and can be ignored. 

Table 3.2 lists the bit sizes provided in the course of this work. Not all bit sizes were used in this 
work, but a selection was on-hand in case adjustments were required in the course of the work. Smaller 
bits were used for thread-cutting taps (Mg) and others for thread-forming taps. Manufacturers of each 
type of bit claim various advantages for ThD; however, we did not study the bit mechanics in detail, and 
since a full set of tests using both styles of bits was not performed, the differences between the 
performance of three-lobed and four-lobed designs were not determined in this work. Limited tests were 
performed with similarly-sized FlowdrillTM and FormdrillTM bits, but a more extensive head-to-head 
comparison must await follow-on studies. 

Table 3.2 Sizes and Makes of Thermal Drill Bits Available for this Study 

Note 1. Body diameter used when ordering. Does not reflect the precise measurements of the lobes. 
Note 2. Bits were available from both suppliers in either a normal length ("SI') or long version ('I"). Most 
of the ThD tests done here used the long style to force the diameter of the as-ThD holes to be the same 
from top to bottom. However, one approach to drilling is to leave a slight taper on the end of the hole 
from a shorter bit to allow thicker material to be retained at the exit end. 
Note 3. Most holes were ThD using a flat shouldered, boss-forming bit ('IF), but some experiments were 
performed using a boss-cutter style bit. 
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Table 3.3 lists typical dimensions of the entrance cone angles and shank diameters, as shown in 
Figure 3.3. The former were measured on a Nikon optical comparator and the latter with a hand 
micrometer. 

Table 3.3 Typical Thermal Drilling Bit Cone Angles and Shank Diameters 

* 
** S = normal length bit, L = “long” style bit; distance from the button of the shoulder to the tip of the bit 
*** refers to the dimension labeled hl on Fig 3.3 

exclusive of variations due to lobing 

Both cutting type and flat-shouldered bits were used in these tests, but for sake of consistency in 
sample preparation, the majority of ThD plates were produced using the flat shouldered bits and then the 
inlet-side bosses were milled off to provide a flat surface that could be flush-mounted on the clamp load 
test rig. 

Thermal drilling of aluminum and magnesium alloys is commonly accompanied by the adhesive 
transfer of workpiece material onto the ThD tool, commonly called ‘pick-up’ (e.g., Fig. 3.5). This 
phenomenon can alter the friction between the tool and workpiece and affect the repeatability of the hole- 
forming process. Its effects on tool life and hole dimensions were not investigated here, but are a subject 
for follow-on research. 

Figure 3.5. ThD tool used to produce a 5.3 mm hole in Mg alloy AZ91D. A portion of the 
transfer layer has peeled off the tapered nose of the tool revealing the tool surface. 

Three ways to remove or reduce the occurrence of such deposits are: ( I  ) to remove the tool, chuck it 
in a lathe or drill press, and abrade the deposit away, (2) use a drilling paste, or (3) drill a piece of steel. 
The latter is simplest to use since it avoids clean-up of paste residues and minimizes additional 
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operations; however, the use of drilling lubricants was also investigated. Drilling pastes were obtained 
from both bit suppliers. Note that lubrication of the ThD tool bit can reduce friction and hence lower the 
frictional heat which is necessary for ThD. A production-suitable method for bit cleaning may be 
required for automated ThD of aluminum or magnesium components. 

It was observed that during the drilling of magnesium plates, two of the bits seized in the workpiece 
and fractured in the shank area of the bit (see Figure 3.6). Fractographic evidence observed by an ORNL 
staff member, Dr. A. Wereszscak, suggests that the fracture origin was at or near the surface of the shank. 
It was determined to be a bending fatigue failure. 

Figure 3.6. Fracture origin on the shank of a tool bit. 

3.3 THE MACHINING SETUP. 

The CNC vertical milling machine used in this work is depicted in Figure 3.7. The machine was 
used in the past for machining ceramics and has a high-speed ceramic hybrid spindle that has an effective 
maximum speed of about 15,000 rpm. With the higher speed capability, comes lower torque, and from 
time to time, the spindle was observed to stall. Stalls were relatively uncommon, although they did occur 
if the torque, usually due to tool seizure, became too high. The SabreTM also did not have an automatic 
tool changer, and the tapping of the ThD holes was conducted on a different milling machine that had a 
spring-loaded, self-regulating tapping head. The sequence of preparing plates for testing involved: 
fixturing and ThD, removal of the plate, refixturing and aligning the plate on a different machine tool, 
tapping, and milling the inlet side flat for clamp load testing, and finally measuring the twenty-four 
bushes on each plate. Initially, these were measured with a coordinate measuring machine, but later it 
was found that use of a hand micrometer was actually faster. Once drilled, tapped, and measured, the 
plates could be sent to PNNL for clamp load testing. 
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Figure 3.7. Cincinnati Milacron Sabre CNC vertical milling machine used for this work. 

Three different fixtures were prepared to hold the plates on the Sabre machine: one was designed for 
clamping the Mg plates, one for the steel plates, and a special, more complex heating fixture was prepared 
for conducting preheating experiments on the A1 plates. Holes were laid out in a regular, numbered 
pattern and a separate log sheet was kept for each plate drilled. For the 6 x 6" steel sheets and the tapered 
magnesium die-castings, four rows of six holes were drilled in each, but for the aluminum die castings, 
four holes were drilled within each of the six 'boxes' between the upraised walls. Plate layouts are shown 
in Figures 3.8 (a) and (b). 

For the Mg and steel plates, it was necessary to prepare underneath supports to keep the plates from 
deflecting excessively during the down force of the ThD tool, especially near the center of the plates. 
These backing plates were flat and contained through holes at the ThD locations that were about twice the 
diameter of the ThD bushes formed during drilling. Without these backup plates, the holes may have 
been slightly oval as the workpieces elastically deflected. These backup plates undoubtedly affected the 
heat flow in the workpiece but this aspect of the process was not separately investigated. The AI plates 
already had stiffening structures within them in the form of circular boss blanks and connecting webs (see 
Fig. 3.1 (a)) and therefore they required no backup plates. A special fixture with embedded heating 
elements was constructed to perform pre-heating experiments on the A1 castings and is described 
elsewhere in this report. 

Thread-forming taps were used on all alloys except the Mg alloys which used thread-cutting taps. 
Therefore, the ThD bits used on Mg were about 0.3 mm smaller in outside diameter than for the AI and 
steel 
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Figure 3.8. Hole layouts on (a) aluminum, where shaded circles represent the positions of cast-in 
bosses, and on (b) magnesium showing the tapered end and hole. 

The sequence of manual tasks to prepare plates made the output of test specimens slower and much 
more labor-intensive than would ordinarily have been the case if modern, production-grade drilling and 
tapping equipment had been available. In general, with a program running on the Sabre, cycle times to 
thermally drill one hole typically ranged from 13 to 41 seconds, but in one case it was 60 seconds. This 
time also does not count the subsequent tapping step. Therefore, total cycle times we observed were not 
felt to be representative of production conditions and it was felt to be misleading even to report them. 

Initial measurements of thermally-drilled hole dimensions were made using a precision coordinate 
measuring machine (LegendTM); however, the shapes of the holes were irregular. Therefore, individual 
judgments were made as to where the bushes ended. A hand micrometer tool was used for bush 
measurements instead. 

hole to the original stock thickness. The so-called hole extension factor (EF) has been defined as follows: 
A convenient parameter was established for reporting the ratio of the thermally-drilled and tapped 

where t = workpiece thickness, Ldr = length of the thermally-drilled and tapped hole, and LI, = the length of 
the bush of the thermally-drilled and tapped hole. Alternatively, EF can be expressed as a percentage. 
Straightforwardly, the number of fastener threads that are added to a thermally drilled hole as a result of 
the extruded bush (A',,,,.,) can be computed from the following: 

where nl = the number of threads per unit length of the given fastener type. For M6 threads, the normal 
pitch is 1 .O mm ( I ? ,  = 1 .O thread/mm) and for M8 the pitch is 1.25 mm (nl = 0.8 threadslmm). 

the diameter of the hole. Therefore, the length to diameter ratio (LDR) is 
As a rule of thumb, it is desirable for tapped holes to have a tapped length at least two to three times 
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L/, +t 
LDR = - 2 2  

C l  

Ideally, the volume (V) of material available to be displaced to produce the boss and bush in a ThD 
hole of diameter d in a plate of thickness t is simply: 

d 
4 

V = n - t  (4) 

If one assumes that all displaced material is used to form the bush, then the average wall thickness 
of the bush (~t') can be calculated from the volume displaced and the length of the bush (4,) with outer 
diameter (do): 

where 

do  - d w = - 
2 

Solving for do in terms of V and bush length LI,, 

Substituting Eqn. (4) into (7): 

Thus, the maximum average wall thickness w for a bush length of L,,, assuming all the material in the 
thermally-drilled hole of diameter d in stock thickness t is used to form the bush (i.e., no boss) is: 

w="{[( t /L/ , )+l] '"  -1} 
2 (9) 

b 
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4.0 THERMAL DRILLING ASSESSMENT 

Plate Spindle Speed Drill bit Penetration time 

(mm) bit size (in/min) 
Alloy Thickness FormdrillTM (rpm) In-feed rate (s) 

DP 600 1.20 5.3 4000 0.50 5.7 

DP 600 2.20 5.3 L 2500 0.50 10.4 

DP 780 1.15 5.3 L 2000 1 .oo 2.7 

DP 780 HF* 1.50 5.3 L 2000 1 .oo 3.5 

DP 780 HF* 2.00 5.3 L 2200 0.75 6.3 

DP 780 HF tube - 2.5 5.3 L 2000 0.75 7.9 

HSLA 50 1.14 5.3 L 2000 0.50 5.4 

TRIP 800 1 .oo 5.3 L 

~~ ~~ 

** ** ** 

* HF = material of the type used in hydroforming ** Hole quality not suitable for tapping 

4.1 STEELS 

4.1.1 Thermal Drilling Conditions for Steels 

A summary of the ThD conditions found suitable for the steels selected for this project is provided 
in Table 4.1. These are conditions that were found to produce visually acceptable thermally-drilled holes 
suitable for tapping, but do not necessarily represent the optimal drilling conditions. Only one of the 
steels, TRIP 800, did not seem to be suitable for ThD under the range of applied conditions. The 
penetration time in the right-hand column is based on in-feed rate and stock thickness. It does not 
consider the approach time or boss formation time after the conical portion of the bit has passed 
completely through the stock. 

4.1.2 Hole Measurements in Steels 

Bush lengths, extension ratios, and length to diameter ratios for M6 holes in steel plates are provided 
in Table 4.2. Raw data used for Table 4.2 are provided in Appendix B. The extension factors range from 
approximately 2.1 to 3.1. Additional data for M8 holes in DP 780 steel and for holes drilled with 
FlowdrillTM rather than FormdrillTM ThD bits may be found in section 4.3. 
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* 

Alloy 

DP 600 

Table 4.2 Hole Measurements for Thermally Drilled then Tapped M6 Fastener Holes in Steel 
Plates 

Plate Ave. Bush Std. Dev. in Ave. Ave. Length 
Thickness Length Bush Length Extension to Diameter 

(mm) (mm) (mm) Factor (EF) Ratio (LDR) 
(non-dimen.) (non-dimen.) 

1.20 2.04 0.54 2.70 0.54 

DP 780 

DP 780 HF* 

DP 780 HF* 

HSLA 50 

DP 600 1 2.20 I 2.39 I 0.29 I 2.09 1 0.77 1 
1.15 2.39 0.21 3.08 0.59 

1.50 2.67 0.16 2.78 0.70 

2.00 2.55 0.29 2.27 0.76 

1.14 2.1 7 0.57 2.89 0.55 

TRIP 800 ** 1 .oo 

4.1.3 Microstructure and Hardness of Hydroformed DP 780 

Limited experiments were performed on ThD of DP 780 steel in the form of hydroformed tubes. 
The wall thickness was approximately 2.5 mm and several M6 holes were prepared with FormdrilFM 
5.3L bits. Since fixturing did not permit tapping with thread forming taps (several taps broke), thread 
cutting taps were produced manually. Visually, the row of ThD holes and their bushes looked quite 
acceptable (see Fig. 4.1). 

Figure 4.1 Row of thermally-drilled M6 holes in a hydroformed DP 780 tube. 
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A polished cross-section of one M6 tapped hole was prepared and Vickers microindentation 
hardness tests were performed at 25 g-f load at three locations: (a) in the bulk well away from the hole, 
(b) below the root of a thread, and (c) near and below the tip of a tooth. Figures 4.2(a) and (b) show the 
locations of the microindentations, and Figure 4.3 shows HV data as a function of distance below the tip 
of the tooth and below the root. Several of the tips of the teeth were not geometrically perfect, but rather 
showed irregular points. However, it should be noted that the threads were cut and not formed, as would 
otherwise be recommended for this product form. 

vicinity of the threads was harder than the bulk due to workhardening, some thermal softening may have 
occurred below the tapped area due to the heat generated during ThD. 

The average HV of 298 kg/mm' away from the tapped hole suggests that while the material in the 

Figure 4.2 Polished cross-section of a ThD and tapped hole in hydroformed DP 780. (a) Area 
near the root of the thread, (b) Area near the tip of a tooth. 

Figure 4.3 
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4.2 NON-FERROUS DIE-CAST ALLOYS 

Plate FormdrillTM Spindle 
Alloy Thickness bit Speed 

(mm) size (rpm) 

AI A380 4.1 5.3 L 10,000 

AI A31 9-T5 4.1 5.3 L 10,000 

Mg AZ91 D 3.0 5.0 L 2,500 

Mg AZ91 D 1.5 5.0 L 2,500 

Mg AE44 3.0 5.0 L 8,000 

Mg AM50A 3.0 5.0 L 8,000 

Mg AMGOB 3.0 5.0 L 8,000 

4.2.1 Thermal Drilling Conditions for AI and Mg 

Drill bit Pilot hole Penetra- 
In-feed diam. (mm) tion time 

2.5 4.37 3.9 

(in/min) (SI 

2.5 4.37 3.9 

2.0 3.1 8 3.5 

2.0 3.1 8 1.8 

2.0 3.1 8 3.5 

2.0 none 3.5 

2.0 none 3.5 

Non-ferrous die-cast alloys were more difficult to thermally drill successfully in terms of achieving 
good hole quality. They were lower strength than the steels and had generally higher-thermal 
conductivity. The latter characteristic required higher spindle speed and sometimes, a reduced in-feed 
rate. 

A summary of the ThD conditions for non-ferrous die-castings is given in Table 4.3. Additional 
bush length data comparing ThD M6 and M8 holes, and for using FlowdrillTM rather than Formdri lP bits 
may be found in Section 4.3. The estimated drill penetration time is based on the stock thickness and the 
in-feed rate. It does not consider the approach time or boss formation time after the conical portion of the 
bit is completely through the stock. 

Table 4.3 Thermal Drilling Conditions for M6 Holes Non-Ferrous Die-Castings 
(Type FD-KS-AL drilling paste was used in all trails) 

Aluminum alloys were particularly prone to the production of ‘flower-petal’ bushes (see Fig. 4.4 
(a)). Miller [4] found that this type of defect could be reduced by pre-heating the parts. Furthermore, 
when plates were only partially thermally drilled through, it was evident that a star-like pattern of cracks 
formed initially and these propagated outward to form the petals that subsequently peeled back. 
Therefore, two approaches were taken to alleviate flower petals: (1)  pilot holes and (2) preheating. Pilot 
holes drilled in the AI castings avoided the formation of flower petals. While decreasing the volume of 
material available to be extruded into a bush, and reducing the hole length available for tapping, the pilot 
holes nevertheless reduced or eliminated the presence of flower petal defects in aluminum alloys (see Fig. 
4.4 (b)). 
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Figure 4.4. Solution to the flower petal problem in die-cast A380 by using pilot holes. (a) Flower 
petal defects (exploded bush) at the exit side of a hole in A380 alloy. (b) Thermally drilled 
and tapped hole produced in A380 after pre-drilling a pilot hole 

Miller [4] provided earlier results indicating that temperatures over about 200" C produced some 
improvement in hole quality. In that case, the plates were heated in a furnace and placed quickly on the 
drilling machine. When the surface had cooled to a pre-selected temperature, the plates were drilled. 

A special temperature-controlled, stainless steel pre-heating plate, shown in Figure 4.5, was 
designed to study the effects of pre-heating the aluminum alloys and to determine whether good, non- 
flower-petalled ThD holes could be produced without the need for drilling pilot holes. A temperature 
controller was used with cartridge heaters embedded into the plate. The high thermal conductivity of the 
aluminum alloys and the loss of heat through the clamping fixtures made this process relatively 
inefficient. Even when the plate was insulated with fiber wool and ceramic pieces, the bottom of the base 
plate near the heating elements was over 450" C in order to produce a surface temperature on the 
aluminum casting of about 250" C. Nevertheless, a series of experimental holes were drilled in AI alloy 
3 19 at temperatures between 246" and 258" C to determine whether the flower petal defects could be 
eliminated. 

the bushes produced were inferior to those produced using pilot holes. In fact, cracks (tears) extending 
down to the base of the bushes and indications of flower-petals were observed using pre-heated A1 3 19 
plates (Fig. 4.6). While the current results did not eliminate pre-heating for consideration, they were not 
particularly promising. The use of pre-heating to higher temperatures may not be advisable especially for 
wrought aluminum alloys in which pre-heating could affect precipitation hardening and be detrimental to 
their mechanical properties. Even if pre-heating were to be used in production, a more efficient method 
of preheating would be required. 

Experiments in ThD with a range of spindle speeds and tool in-feed rates was conducted. However, 
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Figure 4.5. A pre-heating plate was designed to fit the aluminum castings with their bosses and 
web sections. The insets in the top holes enabled ThD extruded bushes to expand into the 
space. They can also be used for bush-forming inserts. 

Figure 4.6. Thermally-drilled holes in A319 boss plates drilled at 3000 rpm. The temperatures 
and infeed rates of were 246' C, 2.5 idrnin (top) and 254" C, 5.0 idmin (bottom). Holes 
drilled at speeds up to 10,000 rpm did not look any better. 

The same pilot hole approach was used in the case of Mg alloys that exhibited problems with the 
bush formation. Several die-cast coupons exhibited flow petal formation, especially at the end closed to 
the taper (Figure 4.7). Macro-etching of selected coupons revealed that the microstructures at the tapered 
end of the coupon varied in grain size and uniformity, and more importantly contained indications of 
closed cracks (see Fig. 4.8). The microindentation hardness of the plates increased from the tapered end 
to the far end of the same coupon, substantiating the observed differences in microstructure and ThD 
behavior (Fig. 4.9). 
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Figure 4.9. The Vicker microindentation hardness varied along the centerline of the Mg coupon 
shown in Figure 4.7. Dashed lines represent the locations of the six rows of thermally- 
drilled holes in that plate, from the tapered end to the straight end. 

Alloy 

A 319 
~~ 

A 380 

4.2.2 Hole Measurements 

Average hole bore Std. dev. in bore Ave. bore diam. 
Plate diameter diameter minus 5.30 

(mm) (mm) (mm) number 
1 5.51 0.08 0.21 

2 5.41 0.02 0.1 1 

3 5.49 0.10 0.19 

4 5.46 0.05 0.1 6 

5 5.34 0.01 0.04 

8 5.38 0.02 0.08 

9 5.53 0.08 0.23 

Since aluminum was particularly prone to pick-up on the tool and that could affect the final ThD 
hole size, the sizes of the as-drilled holes were measured on several aluminum plates. The results for ThD 
with a 5.3 mm FormdrilP" bit are given in Table 4.4. Thermal drilling conditions for those specific plate 
numbers may be found in Appendix A. As shown in the righthand column of the table, the final ThD 
hole size ranged from about 0.04 to about 0.23 mm larger than the initial bit size on the aluminum alloys. 
Allowance may need to be made when selecting initial ThD bit size to fit the thread-forming tap size. 

Table 4.4 Bore Diameters of Thermally-Drilled Holes in Die-Cast Aluminum Plates 
(5.3mm Type L FormdrillTM bit) 
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x 

I 

Plate 

(mm) 
Alloy Thickness 

AI A380 4.1 

AI A31 9-T5 4.1 

Bush lengths, extension factors (EF), and length-to-diameter ratios (LDR) for M6 holes in A1 and 
Mg die-castings are provided in Table 4.5. Raw data are found in Appendix B. Bush lengths did not vary 
greatly for different plate thicknesses; therefore, EF decreased with increasing plate thickness. The LDR 
values were higher than those for steel, owing to a larger initial stock thickness than for steel, but they 
still fell short of the desirable values of 2-3. 

Ave. Bush Std. Dev. in 
Length Bush Length Average EF LDR 
(mm) (mm) (non-dimen.) (non-dimens.) 

1.35 0.10 1.33 0.91 

1.30 0.12 1.32 0.90 

Table 4.5 Dimensions of Thermally-Drilled and Tapped M6 Holes in Non-Ferrous Die-Cast Alloys 

Mg AZ91 D 

Mg AZ91 D 

3.0 1.51 0.1 1 1 S O  0.75 

1.5* 1.08 0.07 1.72 0.43 

Mg AE44 

Mg AM50A 

3.0 1.42 0.10 1.47 0.74 

3.0 2.08 0.1 0 1.69 0.85 

Mg AMGOB 

x 

~ 

3.0 2.15 0.13 1.72 0.86 
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4.3 EFFECTS OF TOOLING AND DRILL SIZE ON BUSH LENGTHS 

The effects of using either FormdrillTM or FlowdrillTM tool bits on bush length and extension factor 
(EF) were investigated using DP780 steel, Mg alloy AM60B, and AI alloy A3 19. Figure 4.10 shows that 
the two types of bit performed similarly when thermally drilling M6 holes. In general, the thinner the 
starting plate, the larger was the EF. 

t = 3.0 mm 

M6 thermally drilled and tapped holes 
3.0 

2.5 - t =2.0 rnrn 

b 2.0 - - 
0 

&E 
m c  1.5 - 

w 1.0 - 

0.5 - 

0.0 - 
DP780 AMGOB A 319 

ALLOY 

Figure 4. IO. Extension factors for M6 holes thermally-drilled using two types of bits. 

The effects of hole diameter on EF were investigated by thermal drilling the same three alloys using 
FormdrillTM bits of two diameters to prepare M6 and M8 tapped holes. The magnesium alloys used 
thread cutting taps that were smaller initial diameter by about 0.2 mm than the steels and aluminum die- 
castings which used thread-forming taps. As shown in Fig 4.1 l ,  there was no obvious difference in EF 
when ThD and tapping M6 or M8 holes in steel or aluminum. Whether the small difference in EF for 
different hole sizes in the Mg alloy behavior was significant, remains for future work. 
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5.0 CLAMP LOAD TESTING 

5.1 PROCEDURE 

Torque-tension testing was performed at the Pacific Northwest National Laboratory using the 
LabMasterTM Fastener Evaluation Test Cell shown in Figure 5.1 and a schematic view of the clamping 
arrangement is shown in Figure 5.2. The Atlas-Copco nut-runner was programmed to drive the fasteners 
to failure and the LabMasterTM software recorded clamp load and input torque versus time and angular 
rotations of the fastener for each test. 

Figure 5.1 Fastener Evaluation Test Cell. 

Drilled Plate 
Structural Ring 
Load Cell 
Washer Plate 

Washer Sample 

Fastener 

Figure 5.2. Clamping arrangement for fastener testing. 
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tener installation schedule included a nutrunner speed of 240 RPM which transitioned to a 50 
n r i v i  Llglllc;lling step at 9 N-m torque during joint tightening. No other torque limits were applied and the 
test concluded with either breaking the bolt, stripping the threads, or in some cases circumferentially 
cracking the base-metal near the formed boss. Testing included using standard M6 machine screws with 
a Magni 565TM coating provided by ATF, Inc. Some tests were performed using two thread-forming 
fasteners in thermally drilled holes in steel; specifically, LO-DRIVO were provided by ATF, Inc. while 
TAPTITE 2000O were supplied by REMINC. 

5.2 TEST RESULTS 

5.2.1 Steels 

Torque-tension testing was performed in holes fabricated in three different steel alloys, specifically 
DP600, DP780 and HSLASO. Within these alloy sets, a range of material forms were tested including flat 
plates ranging in thickness from 1.15 to 2.5 mm and hydroformed tubes with a wall thickness of 2.0 mm 
or more. Hole types in these materials included conventionally drilled and tapped holes as well as 
conventional drilled holes with tapped weld nuts ranging in thickness from 3 to 8 mm. A 2 mm plate 
with 9 weld nuts attached for fastener testing is shown in Figure 5.3. These two hole types form the 
baseline for comparison and evaluation of the innovative thermally drilled and tapped holes. 

Figure 5.3 Tapped weld nuts (8 mm thick) welded to 2 mm DP780 plate. 

Torque-tension test results are shown in Figure 5.4 for testing performed in 2.0 - 2.5 mm thickness in 
various forms of three steels. A total of ten tests were run for most combinations except for the 
hydroformed tube and the 2 mm DP780 plate where only four tests were run. The material with the least 
amount of threadable thickness was the conventionally-drilled DP600 plate at 2.2 mm thickness. All ten 
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machine screws resulted in stripped threads and clamp load at failure of -1 2 kN. Similar results were 
observed when adding a tapped 3 mm weld nut to the back of a 2 mm DP780 plate with slightly increased 
clamp load at failure of -14 kN. When thicker tapped weld nuts ( 5  and 8 mm) were added to the 2 mm 
DP780 plate, the failure mode changed to breaking the fastener and clamp load at failure increased to 16 
and 17 kN, respectively. 

Mixed failure modes were observed for tests conducted on the ThD holes in a hydroformed DP780 
tube, with two tests resulting in stripped threads and two tests with broken fasteners. Test sections were 
machined from the tube for testing and placement of those curved sections on the Fastener Test Stand 
may have influenced the failure mode of the test. In both failure modes, the clamp load was near 16 kN. 
For ThD and tapped holes in flat plates, tests were performed in four material forms and in all cases 
resulted in broken fastener failure mode and the clamp load at failure was - 17-1 8 kN. As shown in 
Figure 5.4, the clamp load and failure mode for a broad range of material and hole types was remarkably 
consistent for this test and indicates that ThD holes in -2 mm plate can meet the baseline weld nut on 
plate combination in terms of fastener performance. 
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Figure 5.4 Torque-tension test results for -2 mm thick steel samples with a variety of hole 
types and M6 machine screws with Magni S6STM coating 
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For the thinner section of plates, torque-tension test results are shown in Figure 5.5. In all hole types 
at 1.2- 1 .S mm thickness the failure mode was stripping the threads. However, the increase in threadable 
length offered by the ThD technique did increase the clamp load at failure from- 6 kN for conventionally 
drilled holes to - 14 kN for thermally drilled holes in 1.2 mm thick plate and up to 16 kN in 1 .S mm thick 
plate. 
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Figure 5.5 Torque-tension test results for 1 .O -1.5 mm thick steel samples with a variety of 
hole types and M6 machine screws with Magni 565TM coating. 

Limited testing was performed to evaluate the use of thread-forming fasteners with thermally drilled 
holes. Those results are presented in Figure 5.6. No attempt was made to optimize the hole size or boss 
design for using these thread-forming fasteners in thermally drilled holes. The failure mode for the 
Taptite 2000' fasteners in 2.2 mm thick DP600 plate was stripping the threads with the clamp load at 
failure of - 13 kN. For the LO-DRIV@ fastener, the failure mode was fracture of the thermally drilled 
boss with a visually identifiable circumferential crack around the back-side of the formed boss. This 
implies that the strength of the fastener exceeded the strength of the bush causing this result, instead of 
the fastener breaking. The clamp load at failure ranged from 13-1 6 kN in DP600 and DP780. Figure 5.6 
includes the torque-tension results for machine screws in thermally drilled and tapped holes in similar 
plate thicknesses for reference. 
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Testing for Concept Feasibility Only - Not Optimized for Fastener Performance or Comparison 

A = InputTorque 
Solid = Break fastener 
Open = Strip ThreadsBreak Boss 

A h -v 

Figure 5.6 Torque-tension test results for 2.0 - 2.2 mm thick steel samples with thread- 
forming fasteners. Note: Test results for machine screws for machine screws 

in similar steel samples are shown for comparison. 
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Table 5.1 lists the plate numbers for those used for clamp load tests on steels. They are listed in the 
third column in the same order as the data are presented from left to right in Figures 5.4, 5.5, and 5.6. 
Drilling conditions for those plates may be found in Appendix A, and their bush length measurements 
may be found in Appendix B. 
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Table 5.1 Plate Identification Numbers Corresponding to Clamp Load Test Results for Steels 

Figure 
No. 

5.4 

Alloy and Plate Ave. max. Failure 
Thickness Number Comment Clamp Load mode 

(kN) (Note 1) ------ 
DP600 2.2 mm 6 convent. drilled 13.0 S 

DP780 2.0 mm 1 3 mm weld nut 14.5 S 

5.2.2 Non-Ferrous Alloys 

DP600 2.2 mm 

Torque-tension testing was also performed on a series of as-cast magnesium and aluminum alloys. 
Machine screws installed into thermally drilled and tapped holes in four magnesium alloys resulted in 
stripped threads and clamp load at failure of 6-8 kN. For 1.5 mm thick AZ91 D plates, similar testing 
generated only 3kN of clamp load after stripping the threads. ThD was also applied to 4.1 mm thick 
sections in die-cast test specimens of A319 and A380 aluminum alloys. These holes were tapped for M6 
machine screws and showed similar behavior to the magnesium alloys and stripped the threads while 
generating 7 kN of clamp load. Data are summarized in Figure 5.7. 

FormdrillTM and Tap 17.0 F 

machine screw 
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Figure 5.7 Torque-tension test results for 1.5 - 3.0 mm thick magnesium alloy and 4.1 mm 
thick aluminum alloy samples with thermally-drilled and tapped holes and M6 
machine screws with Magni 56SM coating. 

Table 5.2 lists the plate numbers for those used for clamp load tests on non-ferrous alloys. They are 
listed in the third column in the same order as the data are presented from left to right in Figures 5.7. 
Drilling conditions for those plates may be found in Appendix A, and their bush length measurements 
may be found in Appendix B. The last two columns indicate the average maximum clamp load and the 
mode of failure. All the non-ferrous die-castings failed by stripping the threads at relatively low clamp 
loads relative to the steel data presented earlier. 
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Table 5.2 Plate Identification Numbers Corresponding to Clamp Load Test Results for Aluminum 
and Magnesium Alloys 

Note 1) failure modes: S = strip threads, F = fastener breakage, C = bush cracking 

5.3 CONCLUSIONS FROM CLAMP LOAD TESTING 

The primary factor which influences the magnitude of clamp load at failure and the mode of failure 
is thread engagement depth of the fastener and the strength of the materials to be joined.* In the case of 
the steel samples greater than 2 mm thick with either ThD and tapped holes or the baseline design of S 
and 8 mm weld nuts and M6 machine screws, the failure mode was always to break the fastener and the 
clamp load at failure was 16-18 kN. The alloy type or ThD process variables did not appear to have an 
effect on the magnitude of clamp load. For holes which were conventionally drilled or thermally drilled 
in steel plate with thickness at 1 .S mm or lower, the failure mode was always stripping the threads. The 
magnitude of the clamp load did vary significantly with the thread engagement depth of the hole. 
Thermally drilled holes in 1.2 mm plates still generated nearly 14-16 kN in clamp load before stripping, 
whereas conventionally drilled holes in the same thickness plate generated less than half that amount at 
-7 kN. For the lightweight alloys, torque-tension testing resulted in thermally drilled and tapped holes in 
3 - 4.1 mm thick plates resulted in stripped threads and clamp loads of 6-8 kN. 

* Note: Thread engagement can be a function of length engaged and the percent of thread engagement (radially 
engaged). Therefore, the hole diameter is going to influence the engagement and thus potentially the clamp load and 
drive and stripping torque. This project did not make any effort to optimize the hole diameters, so there is no data to 
show how this might influence results. 
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6.0 SUMMARY AND RECOMMENDATIONS FOR FURTHER WORK 

6.1 CONCLUSIONS 

It has been demonstrated that thermal drilling to produce tappable bushes is possible in several 
steels, magnesium alloys and aluminum alloys. Not all materials are equally capable of producing 
tappable bushes by Thermal drilling. The following conclusions can be drawn from the data and 
observations made in the course of this work: 

Steels DP 700, DP 780, and HSLA SO,  in thicknesses from about 1.2 to 2.5 mm can be 
successfully thermally drilled without any special additional steps, like pilot holes, the use of 
drilling paste, or preheating. Clamp loads measured on thermally drilled and tapped holes were 
high enough to break Magni 565TM-coated M6 fasteners when the initial sheet thickness exceeded 
about 2.0 mm. 

Hydroformed tubes of DP 780 were successfully thermally drilled, and preliminary clamp load 
results showed that even without optimizing the thermal drilling process, in half the cases, the 
fasteners broke rather than the threads stripping. When the process is optimized, HF products 
will be an excellent application for thermal drilling. 

Initial results on using thread-forming fasteners with thermally drilled holes were limited but 
encouraging. The use of thread-forming fasteners makes production engineering sense in that it 
will reduce the number of separate unit operations (eliminate separate tapping). 

Steel TRIP 800 was not suitable for thermally drilling of tappable holes within the range of 
parameters explored in this work. 

Acceptably uniform bushes that can be tapped were produced on aluminum alloys A3 19 and 
A380 when pilot holes preceded thermal drilling. Pick-up of A1 on the tooling was reduced with 
drilling paste, but periodic tool dressing was still required. 

Preheating the die-cast AI plates to over 250" C did not satisfactorily reduce flower-petal defects. 
Thermally drilled bushes were ragged, with tears that extended all the way to the base. 

The thermally drilled hole quality in Mg die-cast coupons varied with microstructure. Areas with 
fine, equi-axed grains were better suited for thermal drilling than those with non-uniform grains 
and casting cracks. 

For a given material, the ratio (EF) of thermally drilled hole length to original stock thickness 
increased as plate thickness decreased. For example, for DP 780 steel, as the stock thickness was 
increased from I .1S to 2.0 mm, this ratio decreased from 3.08 to 2.27. 

There was no significant difference in the maximum clamp load at failure and extruded bush 
lengths for thermally drilled holes prepared using either three-lobed or four-lobed bits. 

IO) Thread engagement depth and material strength were the primary factors that influenced both 
clamp load at failure and the mode of failure. For 2 mm steel samples with either thermally 
drilled and tapped holes or 5 and 8 mm weld nuts and M6 machine screws, the fasteners always 
broke and the clamp load at failure was 16-1 8 kN. Neither the type of steel nor thermal drilling 

34 



process variables seemed to have an effect on the magnitude of clamp load. Percent of thread 
engagement (radial engagement) and perhaps factors resulting in frictional difference could also 
be primary factors that influence the joint performance, including clamp load and failure mode. 

I 1) In the case of the 3.0 - 4.1 mm thick, die-cast A1 and Mg alloys, torque-tension testing results for 
thermally drilled and tapped holes indicated stripped threads and clamp loads of about 6-8 kN. In 
other words, the clamp load test results for thermally drilled holes may have been less than 
desired, but they are still superior to conventionally drilled and tapped holes in the base thickness 
of the same materials. The relatively low clamp loads will limit the applications of die-cast A1 
and Mg that are candidates for fastener hole formation by thermal drilling. Whether the same 
results occur for wrought alloys has yet to be determined. 

6.2 ISSUES FOR FURTHER WORK 

The feasibility of using thermal drilling to produce viable, threadable fastener holes has been 
successfully demonstrated on a selection of ferrous and non-ferrous alloys, but the process parameters for 
providing the best quality, highest clamp-load performance were not optimized. Consequently, there are 
a number of issues that need to be addressed in order to bring thermal drilling closer to a production-ready 

These include the following, with the first three having highest priority: 

What are the optimized drilling parameters for the materials that show the most promise in ThD? 
This could be determined with design of experiments protocols; however, the potential benefits of 
multi-stage processes, like using different spindle speeds and in-feeds for different stages of the 
hole drilling process, should also be included in such work. A critical parameter, such as the 
tapped hole length to diameter ratio for the target clamp load, could be used to map parameter 
spaces for the thermal drilling process. 

Specifically for thread-forming fasteners, what are the optimal thermally drilled hole sizes to 
achieve target clamp loads at certain torques? 

What is the thermal drilling tool life for different kinds of stock materials? 

When implemented on a production machine tool, what is the process cycle time for thermal 
drilling? 

Can materials like AZ91 D, AE44, and TRIP 800 steel that did not provide suitable quality holes 
in the present thermal drilling experiments be successfully thermally-drilled by applying 
additional processes, like pre-heating or pilot hole drilling? 

What is the effect of tip geometry on thermal drilling parameters and hole quality? Can tool 
shapes be optimized for better frictional heating response of higher conductivity materials such as 
aluminum? 

Can a spinning nosepiece be used to preheat specimens before the bit tip makes contact? 

What is the optimal pilot hole size to minimize the loss of bush-forming volume yet avoid defects 
like flower-petalling in alloys that display the phenomenon? 

Will integrated, pilot hole-making / thermal drilling bits work in non-ferrous materials? 

10) Can several sheets in a sandwich be successfully thermal drilled at the same time? 
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1 I )  Can metal matrix composite materials be thermally-drilled? 

12) Can thicker plates and castings of light metals (> 4.1 mm) be thermally drilled? 

13) Can the microstructures of magnesium castings be optimized for thermal drilling, especially in 
areas where the fasteners are to be installed, or will wrought magnesium alloys be better suited 
for thermal drilling? 

14) What clamp load performance can be produced on products that have been specifically designed 
to make use of thermal drilling? 

Clearly, additional systematic studies to optimize thermal drilling for application to lightweight 
materials are needed, and there are a number of engineering challenges to overcome. However, results 
described here, especially for the steels, are very encouraging, and the potential impact on automotive 
parts manufacturing is significant. 

36 



REFERENCES 

1.  J.A. van Geffen (1 976) “Piercing Tools,” US Patent 3,939,683. 
2. J.A. van Geffen (1 979) “Method and Apparatuses for Forming by Frictional Heat and Pressure Holes 

Surrounded Each by a Boss in a Metal Plate or the Wall of a Metal Tube,” US Patent 4,175,413. 
3. D. Korn (2006) “Chip Free Drilling Process Creates Holes and Bushings,” Modern Muchine Shop, 

4. S. F. Miller, J.  Tao, and A. J. Shih (2006) “Friction Drilling of Cast Metals,” Int’l. J. of Machine 
Tools and Manufacture, Vol. 46 (1 2-1 3), pp. 1526- 1535. 

5. S.  F. Miller, P. J. Blau, and A. Shih (2005) “Microstructural Alterations Associated with Friction 
Drilling of Steel, Aluminum, and Titanium ,” J. of’Materials Eizgirzeering and Perjiorniuace, Vol. 14 

S.  F. Miller, R. Li, H. Wang, and A. J. Shih (2006) Experimental and Numerical Analysis of the 
Friction Drilling Process,” ASME Journal of Manufacturing Science and Engineering, Vol 128 (3 ) ,  

7. J. Qu and P. J. Blau (date to be determined), “A New Model to Calculate Friction Coefficients and 
Shear Stresses in Thermal Drilling,” submitted to the ASME J. of Maizufucturirzg Science und 
Engineering, September 2006. 

8. S. Miller, P. J. Blau, and A. Shih (2006) “Tool Wear in Friction Drilling,” International Journal of 
Machine Tools and Manufacture, accepted. 

Vol. 79(2), pp. 62-64. 

( S ) ,  pp. 647-653. 
6. 

pp. 802-8 10. 

37 



APPENDIX A 
Thermal Drilling Parameters: High-Strength Steels 

DP600 1 1 2  

DP600 1 2  
DP600 1 1 2  
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DP600 1 2  

HSLA50 114 
HSLA5O 114 
HSLA5O 114 
HSLA5O 114 
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~ ~ 
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17 24 55L 46 M 5000 0 4  1 none none none 
16 24 55L 46 
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0 25 none none none 

1 24 53L I 5 M 2000 1 none none none 
0 5  none none none 2 24 53L 5 M 
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none none none 0 5  

5 24 53L 1 5 M 2000 0 5  none none none 
, 6 24 55L 1 46 , M 2000 0 5  none , none , none 
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none none none 2 6 53L 38 
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APPENDIX A (continued) 
Aluminum Alloys 

AI A319 4 1 
AI A319 4 1 

~ AlA319 4 1  

- 

________ 

6 24 5 3 L  19 M 1 OK 2 5  11/64 on tool 1 none 
7 24 5 3 L  18 M 1 OK 2 5  11/64 none i none 
8 24 5 3 L  18 M 1 OK 2 5  11/64 none I none 

--__________ 

ITA-T t 24 t 5 3 ~ - t  16 i M 1 OK 2 5  - 7 1 1 6 4  

11/64 on tool j none 19 M 1 OK 2 5  AIA319 4 1  9 1 24 5 3 L  
11/64 on tool ~ none AIA319 4 1 10 24 53L- ~ 19 M 1 OK 2 5  

AIA319 4 1 11 1 24 - -53L ~~ 21 0 1 OK -7 2 5  11/64 on tool none 
A l A 3 1 9  4 1  l l a  1 2 4 - ~  5 3 L  9 M 4200 5, 10 none 4 holes none 
-AI%319 ' 4 1  12 I 24 7 3  75 M 7 5K 2 5  1/4 on tool none 

AIA319 4 1  13 ~ 12 5 3 L  41,40,39 M IOK, 7K 8K, 4K, 3K 2 5  5 , lO  none none 250 
Notes (1) M = Formdrill, 0 = Flowdnll 

- ~ -- ~- 

t -  - -~ ~~ 

+ - - -  ~ 

____________ 

none 1 none 

none 
none 

I AlA380 4.1 I 9 1 24 1 5.3L I 16 1 M 1 1 OK I 2.5 I 11/64 I none 1 none I 
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APPENDIX A (continued) 
Magnesium Alloys 

f 
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APPENDIX B 
Hole Measurements 

(Key: BL = bush length after thermal drilling and tapping for M6, EF = Extension factor) 
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Steels, M6 Holes (2/2) 

(Key: BL = bush length after thermal drilling and tapping, EF = Extension factor) 

* Drilled using a Flowdrill"M bit 
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Aluminum Alloys, M6 Holes (1/2) 

~ Average ~~ -~ 

~ Std. ~~~ Dev. -~ 

Acceptable 

(Key: BL = bush length after thermal drilling and tapping, EF = Extension factor) 
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~~~ 0.1 ~ 0 ~- 0.02 0.1 0 0.02 0.12 0.03 
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~~ 

24 24 24 24 
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Magnesium Alloys, M6 Holes (1/2) 

(Key: BL = bush length after thermal drilling and tapping, EF = Extension factor) 
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' Magnesium Alloys, M6 Holes (2/2) 

(Key: BL = bush length after thermal drilling and tapping, EF = Extension factor) 
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Steel, Aluminum, and Magnesium, M8 Holes 

(Key: BL = bush length after thermal drilling with Formdrill'M bits and tapping, EF = Extension factor) 

7 Plate number I I 
DP780 IA319 

8 12 
Thickness (mm) 

Tool ID 
Tool # 
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BL 
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75 

3.00 
FDO7OL 
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BL 1 EF 

(mm) I (non-dim) 
I 
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APPENDIX C 

A Model for Thermal Drilling* 

* Note: Developed principally by J. Qu and submitted in 2006 with co-author P. Blau to the J. of 
Manufacturing Science and Engineering. The title of the submitted manuscript is “A New Model to 
Calculate Friction Coefficients and Shear Stresses in Thermal Drilling.” The following text summarizes 
the principal features of the model. A fuller description of the model, and calculated results for thermal 
drilling of steel, has been included in the referenced paper. 

Abstract 

A new analytical model for thermal drilling (also known as friction drilling) has been developed. The 
model distinguishes itself from recent work by other investigators by improving on two aspects: (1) the 
new model defines material plastic flow in terms of the yield in shear rather than the yield in 
compression, and (2) it uses a single, variable friction coefficient instead of assuming fixed values for that 
quantity. The time dependence of the shear stress and friction coefficient at the hole walls, which cannot 
be measured directly in thermal drilling, can be calculated using this model from experimentally- 
measured values of the instantaneous thrust force and torque. Good matches between the calculated shear 
strengths and the handbook values for thermally drilling low carbon steel confirm the model’s validity. 

Background 

Miller, et. al. [Cl] have modeled the ThD process using both analytical and numerical (FEM-based) 
methods. However, there are two technical issues in their analytical model that this paper seeks to 
improve upon. First, the contact pressure between the tool and the workpiece was estimated from the 
compressive yield strength of the work material with the assumption that the material flow was in 
compressive-yield mode. This assumption is not wholly convincing. Although the material plastic flow is 
complex, the main flow is by shear. This has been confirmed by recent microstructural studies [C2] that 
that revealed a highly-sheared zone on the bore surface of each test material. Therefore, the new model 
uses shear stress to compute the thrust force and torque. 

Description of the Model 

As shown earlier, in Fig 3.3, a typical thermal drilling tool has five sections: the center region, the 
conical region, the cylindrical region, the shoulder region, and the shank region. The first three sections 
are involved in the drilling process, which typically has six stages (Figure C.l). As the figure shows, there 
are two types of contact geometries involved in the process: conical and cylindrical. 

(a) Stage 1 (b) Stage 2 
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(c) Stage 3 



(d) Stage 4 

Figure C. 

(e) Stage 5 

1.  Six stages in thermal dril ling 

(0 Stage 6 

K11. 

(a) Conical contact (stages 1-5) (b) Cylindrical contact (stage 6) 

Figure C.2. Two basic contact areas between the tool and workpiece in thermal drilling. 

The relative velocity, V,  between the tool surface and the bore surface is a combination of the radial 
speed, m-, and the component of the axial speed (feed rate v) in the contact plane, vcos(W2). Define yas 
the angle between V and m-. For the conical region, as in Figure C.2 (a): 

y = arctan 

Since the rotational speed is usually far higher than the feed rate, yis very small. Thus, 

vcos(8l2) sin y =  tan y =  

cosy=  1--tan ( y )  = 1- 

u)r 

1 2  v 2  cos2(8 /2)  
2 2w2r2 

The thrust force and torque for two types of contacts can be expressed as follows: 
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T = f'pp(cos y)dA 
'I 

where p :  contact pressure 
,u: friction coefficient 
6? inclusion angle of the cone 
h,  : distance from the lower edge of the contact zone to the cone tip 
hl: distance from the upper edge of the contact zone to the cone tip 
r: Î  = h tan(6/2)  

Substituting ,up by the shear stress z(the average value on the contact surface), Equations (4) and ( 5 )  
can be expressed below. Since the material plastic flow is dominated by shearing, the shear stress zcan be 
estimated by the shear yield strength of the work material, q,. 

z -I6 v e  
P 2 w 2  
2 tan ' (6 I 2) v 2  e T =7rr (h? - h , 3 ) - ~ ~ - ; - ~ ~ ~ ( - ) ( h ,  - h i )  
3cOs(e/2) - w- 2 

F =~-tan-(-)(h;  -h,2)+2~r-cos(-)(h2 -h i )  

For a cylindrical region, as shown in Fig. 3(b): 

y = arctan( 2) 
2nRh,v F = 2nRh,ppsin y =  Jm' 

where 
R:  radius of the cylindrical section of the tool 
hj: contact height 

Theoretically, when there is no material deformation involved in the cylindrical contact, the thrust 
force and torque is zero. In practice, these quantities are not zero due to thermal expansion and tool- 
workpiece adhesion. The temperature in the contact area in thermal drilling changes rapidly. Both the 
yield strength in shear, z\ , and friction coefficient, p,  are temperature-dependent and are very difficult to 
measure directly. By solving the Equations (6, 7, 9, and lo), the new model calculates the shear stress 
and friction coefficient changes associated with each stage in the thermal drilling process. 

For a conical contact, 
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For a cylindrical contact, only zcan be calculated. 

Accordingly, the shear stress and friction coefficient in the six stages of thermal drilling are list in 
Table C 1, where t is the thickness of the workpiece. 

Application of the Model 

The model has been applied to prior work by Miller on the thermal drilling of steel. That example, 
along with calculated profiles of shear stress and friction coefficient for the stages of thermal drilling may 
be found in the paper on which this Appendix is based. 
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Table C.1. Shear stress and friction coefficient for the six stages of thermal drilling. 

Penetration 
depth, z 

(I?,., t"] 

( t ,  h,.+t] 

Shear stress and friction coefficient 

tan(a  / 2) 
f!,,, 1 8= P, hi = t an (P  / 2) h, . 

t a n ( a l 2 )  

hl = [ t a n ( a l 2 )  - 1 ) ~ ~  + z - t  
t a n ( p l 2 )  

* rj can be estimated bv the initial value qf shear stress in stage 6. 

k 

P 
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