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ABSTRACT

This paper provides an overview of materials behavior and manufacturing aspects of P/M parts fabricated
by high pressure Combustion Driven Compaction (CDC) at UTRON.[24-29] This unique compaction
method has several advantages such as net-shaping, improved surface finish/quality, amenability to
simple or complex geometries, suitability for single or multilayered materials, reduced processing time
(e.g., ms) compared to traditional rapid prototyping techniques, little or no post-machining, and improved
process flexibility. Select results of CDC processed Aluminum alloys, Stainless Steel 316L (SS316L),
Copper and dissimilar combination of SS316L/Copper under optimum process conditions will be
presented and discussed. The structure/property characteristics include microstructures, surface
roughness/quality and mechanical properties. The potential commercial uses [1-37] of high pressure
compaction CDC technology include a wide range of applications such as vacuum seals [15], x-ray
targets, cryogenic parts, accelerator/RF microwave components [18-27, 31, 34-36], computer hard disk
drive accessories such as read/write heads, engine parts such as valves/valve seats, pushrods, high
temperature nozzle liner parts/heat sinks, electrical/electromagnetic parts such as contacts/commutator
rings/brushes, tooling inserts, advanced magnets [37], high performance gears, bearings, welding
electrodes, and wear/corrosion resistant tribological components.

INTRODUCTION

The Combustion Driven Compaction has several process advantages such as high pressure compaction
(>50 tsi up to 150 tsi), compactness, net shaping, reduced process time (e.g., milliseconds), improved
density of the parts with unique CDC loading cycle, amenability to make simple to complex parts,
suitability for micro/nano powder consolidation, potential for composite/functional gradient materials
(FGM) fabrication, improved high performance properties (e.g., net shaping, superior surface finish,
mechanical properties), less or no post-machining/grinding needs and scalability to larger sizes.

1.1 Background on the Combustion Driven Compaction (CDC) Process
The CDC Process [15, 24-29] shown in Fig.1 utilizes the controlled release of energy from

combustion of natural gas and air to compact powders. In operation the following steps occur: 1) The
chamber is filled to high pressure with a mixture of natural gas and air; 2) As the chamber is being filled



the piston or ram is allowed to move down pre-compressing and removing entrapped air from the powder
and 3) The gas supply is closed and an ignition stimulus is applied causing the pressure in the chamber to
rise dramatically, further compressing the metal powder to its final net shape. The CDC process is based
on utilizing the direct conversion of chemical energy to produce compaction. The process inherently
includes a pre-compaction step preparing the powder for the final compaction load.
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Fig. 1 Schematic and Equipment of the Combustion Driven o baction Process
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Fig. 2 Typical CDC Compaction Load
The CDC process can provide standard or very high compaction tonnages resulting in high-density parts
with improved properties. In addition to the unique loading/high tonnage the CDC process occurs over a
relatively short time frame (a few hundred milliseconds) as shown in Fig. 2.



Our CDC press is not much larger than a phone booth and has one moving part unlike a mechanical or
hydraulic press which is typically two or more building floors tall and has many moving parts and/or
complex hydraulics. Figs. 3 and 4 illustrate this compactness of CDC press with a traditional press.

Size of UTRON’s CDC 400 Conventional 400 Ton Press
Ton Press

Fig. 3 Compactness of CDC Press (left) & Fig. 4 Compared with a Traditional Press (right)

1.2 CDC Loading Cycle

As the compaction load to a powder metal is raised the compact density and properties improve. If the
powder is compressed too rapidly, shock propagation in some materials can cause internal cracks and
separations (over-pressing). Unlike other Forging or explosive Forming, CDC loading rate is much more
gentle and highly controlled which provides unique advantages to compact crack-sensitive materials such
as brittle materials or composites. The CDC press achieves high density while avoiding shock
propagation and defects in the compact with its two-stage, fast but gentle, load cycle. In addition, the
load sequence of CDC allows large tonnage loads to be applied without damage to the press or die
components. The initial gas fill sequence aligns the ram and die components while applying sufficient
load to pre-compress the powder and remove entrapped air. When the fill gas is ignited the ram rapidly
presses down but without slamming into the tooling or powder. In other words the process although fast
and powerful, is smooth and continuous. The CDC process routinely operates at compaction loads of
2069 MPa (150-Tsi) and above. This is in sharp contrast to conventional compaction processes, which
generally are limited to 690 MPa (50-Tsi).[7-14,30, 32-33]. Currently used 300-ton press has operated
for over several years indicating the part making ability with longer die life of more than 500 cycles as of
the writing of this paper. To date there has been no indication of any damage or wear of carbide dies and
hardened tool steel punches when operated routinely at 2069 MPa (150 Tsi).

1.3 CDC Press Scaling

As previously mentioned, since the CDC press directly converts chemical energy into compaction
energy it is very energy efficient and capable of producing enormous compaction loads. To date three
presses of increasing size have been constructed and operated, 10, 30, and 300 ton. Scaling from one size
to the next has been relatively straightforward. Since the process works more or less like a piston in an



automobile, although at much higher pressures, the loads that can be produced are a direct function of the
combustion pressure and the area of the ram (piston).

It is possible then to scale a CDC press to very high tonnages without increasing the size of the
press itself dramatically. As an example a 3000 ton CDC press would only be about 2.75 m high, 1.92 m
wide, and 1.28 m deep (9ft x 6ft x 4 ft). The relatively diminutive size of a CDC press will allow powder
metal part making to be performed in almost any industrial or commercial building with access to bottled
or piped natural gas. Pits and multi-story buildings will not be needed, and the presses can be moved with
standard forklifts. This relative portability will allow, for instance, powder metal presses to be
incorporated into “machining centers” as needed and then moved to other centers or sites generally
without special equipment.

1.4 Material Properties of CDC Parts

As a general rule, as the compressive load applied to a metal powder is raised, the part properties
improve. However, if the powder is compressed too rapidly or violently, shock propagation in the
material can cause internal cracks and separations. The CDC avoids these problems with its two-stage
moderately fast load cycle. In addition, the load application of the CDC allows large tonnage loads to be
applied without damage to the press or die components. When standard mechanical/hydraulic presses
attempt to compact metal powders to high densities they typically break tooling and/or induce cracking in
the parts. Controlled rates of loading are therefore highly desirable and important for compacting various
combinations of materials.

In general, CDC compacted green parts (Tables | and V) possessed significantly higher green
densities at CDC pressures of above 50 tsi which is usually the threshold limit offered by traditional
powder metallurgical pressing methods. Figures 5-9 shows some of the variety of CDC processed
materials to date (Materials processed include Pure metals: Cu, Al, Mo, Ta and Fe; Alloys: 316 SS,
410SS, FL-4400, FLN2-4405 and 737SH; Layered and Mixed: Al/Ti, SS/Mo, Cu/Ta, Al/Alumina, SS/Ta,
FL-4400/Cu, FL-4400/Al, FI-4400/Ti, FL-4400/Ta), aluminum nitride, in various shapes and geometries
including the multi-layered parts made of steel/copper, copper/stainless steel/niobium, AIN, and
nanocomposite magnetic materials such as FeNi-SiO2. The latter material compacted with CDC high
pressure loading with much higher density had relatively superior magnetic permeability as high as 16 at
the tested frequencies of up to 100 MHz.[37]

Traditional pressing technology [12] is generally limited to 50 tons per square inch (tsi) or less.
The CDC process routinely operates at compaction loads in the 150-tsi range and above, making a huge
difference in the final quality of the compacted part both in the green (unsintered state) and in the sintered
state. Some of the encouraging results of UTRON's CDC processed materials for potential accelerator
components for Department of Energy (DOE) applications are presented in Fig. 7. It is apparent from the
results of CDC properties and surface finish data that the high pressure CDC process produces far
superior compacted parts. For accelerator applications [15, 24-27, 34-36], our high pressure compaction
technology has ample potential to produce several near net shape components of copper, niobium,
stainless steels, dissimilar material combinations such as copper/stainless steels or copper/molybdenum
and ceramic composites such as Cu/AIN, SiC with fine surface finishes after pressing or with a very
minimal amount of post processing/sintering. Our potential capability to upgrade to higher tonnages will
be further beneficial for densifying larger single/multilayered complex parts.



Fig.6 Variety of a) Cu-Based Multi-Layered Materials (Top Row); b) Aluminum, Ferrous Alloys
and Refractory Materials (Bottom Row) Compacted by CDC High Pressure Compaction

The final dimensions of a compacted component can be closely controlled by the die design,
particularly when the part is compacted to near full wrought material density. When using carbide dies,
dimensions perpendicular to the applied load can be held to very close tolerances, which are basically
those of the die itself. Although not all our current dies were designed for high tolerances, We
nevertheless obtain dimensional variations of only a few tens of microns perpendicular to the pressing
direction. Dimensional stability in the direction parallel to the compaction load is largely controlled by the
amount of powder used and its even distribution before pressing. If this is done carefully, dimensions
parallel to the compaction direction can also be controlled, but to what degree remains to be shown.

A trial sample of layered copper/steel was tested by bonding a bar to the copper with epoxy and
then pulling the sample until the materials separated. The material was tested in the green state and failed
with a load of 536 psi. This single case points to the ability of these layered compacts to sustain some
mechanical load directly after pressing without sintering.



Additional Properties of CDC Processed Materials

Material | Load | Density | Roughness | Hardness
(tsi) | (g/cc) | (microns) | (kg/mm?)

39-47
Al-Mg Alloys | 52 2.632 0.2-0.6 (Green &
Sintered)
Low Carbon 85 -100
Steel 154 759 0.1936 (Sintered)
Austenitic | 0o | 7537 | 01698 200
Stainless (Green)
Process | % Scra
— 2 P Copper 150 8.718 0.1695 100 (green)
Machining 10-60
Forging 20-25
Forming 10-25
Extrusion 15
Casting 10
Powder 5
Combusyion Iiuen Sompaction

Fig. 7 % Scrap vs Manufacturing Process, CDC Copper & Stainless Steel Rings and Select
Material Properties

We have demonstrated the successful fabrication feasibility of fully dense a) SS316L, b) double
layers of SS316L/Copper, and ¢) Multiple layers of Cu/SS316L/Niobium with submicron surface finishes
and good bonding. (Fig. 8). Some of these metal powders were compacted around the perimeter of a
preformed/metallized alumina ceramic and high-pressure compaction was done without cracking the
sample @ 60 tsi compaction pressure. We have also shown (Fig. 9) the fabrication potential and technical
feasibility for net-shape quality, well-bonded and crack-free AIN ceramic and Copper/AIN composites by
high pressure CDC compaction up to 100 tsi. The powders used for fabricating these composite materials
were relatively finer(-625 mesh). The typical part size is about 0.5 inch diameter using our existing
die/punch assembly. These results highlight our process’s potential for the development of functional
gradient composite materials (FGM).

7\‘.;:
Fig. 8 Multllayer CDC cyllndrlcal slugs of SS SS/Cu and Cu/SS/Nb [15,24-26]
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Fig. 9. Net Shape Fabrication Potential for Aluminum Nitride and Cu/AIN Ceramic Composite
Cylinders (0.5 inch Diameter) [27]

These preliminary results provide the anticipated potential benefit, scientific basis, and significant needs
for further evaluation and exploration of this unique CDC materials fabrication method.

APPLICATIONS

The anticipated applications of CDC technology for net-shape fabrication include high
performance engine parts such as valves/valve seats, connecting rods, gears, brake parts, bushing, spring
retainers, washers, roller bearings, pump parts, x-ray targets, sputtering targets, ammunitions, heat
sinks/shields/nozzle parts, electrical contact brushes for motors/generators, commutator rings, nuclear
plasma components, electromagnetic devices, vacuum seals, welding electrodes, microwave components,
microelectronic interconnects/thermal management systems, permanent/superconducting magnets and
wear/corrosion/high temperature parts.

KEY RESULTS AND DISCUSSIONS

Select results of experimental conditions and properties of CDC processed Aluminum alloys
(Figs.10-12, Table I-111), Stainless Steel 316L and Copper/SS316L (Tables IV-VI and Figs. 13-14) are
presented. CDC processing was successfully used to fabricate simpler Al-3Mg alloy samples with
theoretically close density, minimal/no porosity, fine surface finish, relatively finer microstructures (Fig.
12) and improved mechanical properties (Table 11 and I11) similar to those of annealed materials [8,9,13,
15-17] for potential vacuum seal applications [15]. The key R&D findings are as follows: 1) The key
process parameters such as CDC pressure (Fig. 10 and Table I), powder size, lubricant type and sintering
parameters such as (temperature and sintering media) (Table Il and were found to influence part quality
and properties and needed careful optimization; The density of CDC Al was close to the wrought Al-alloy
(Fig. 11) 2) NDT X-ray examination of the CDC processed dogbone samples revealed the absence of any
noticeable porosity within the measurable resolution of the x-rays and the 0.25 inch sample thickness; 3)



The average surface roughness (R) of CDC Al-3Mg green samples @ CDC pressure of 30 tsi was
significantly reduced - by factors of 6.5 to 10 from submicrons to nanometer levels by intelligent process
control of die wall lubricant (R, using Silicone Lube: 0.0742 microns and for Stearate Lube: 0.7495

microns; 4) The sintering treatments @ 600°C included vacuum and nitrogen for varying times of 60, 15
and 30 mins, respectively, which enhanced the mechanical properties such as microhardness (from 30 to

2
45 VHN-kgf/mm ) and strengths which are comparable to annealed Al and Al-Mg (e.g., 5454) alloys. The

properties and thermal response behavior compared to wrought materials were influenced possibly due to
the alloying element variations of additional elements Mn, Fe, Si, Zn, Cu, and Ti.

Fig. 10 As Compacted CDC-Green Al-3Mg Samples; Lubricant: Zinc Stéarate
Samples:A: #362 (30tsi);B: #364 (50tsi);C: #371 (150tsi)
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Fig. 11. Density Comparison of CDC Processed Al and Mg Lightweight Alloys




Table I. CDC Process Conditions and Green Densities of Al-3Mg Pre-Blended Alloy[15]

Sample# CDC Pressure |Die-wall Green Density |% Theoretical
(tsi) Lubricant (g/cc) Density
362, 365 30.4 Zinc Stearate  [2.6065 97.52
366 30.4 Zinc Stearate  |2.6056 97.59
364, 367 51.6 Zinc Stearate [2.6333 08.62
368 51.6 Zinc Stearate  |2.6320 98.57
369 146.8 Zinc Stearate  |2.6295 98.48
370, 371 151.1 Zinc Stearate |2.6288 98.46
372 29.7 |Dow 2.6066 07.62
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Fig. 12 Mlcrostructure of CDC Processed AI 3Mg (Pre- Blended Powder Alloy)



Table Il. Effect of Sintering on Microhardness(VHN) values (kgi/mm?) as listed for
Green/ Sintered Samples and Surface Roughness of CDC processed Al-3Mg Alloy [15]

Sample ID # and |Green \Vacuum Nitrogen  |Surface Roughness (Ra-

Process State Sintered@ 70*10-|Sintered IAverage and RMS

Conditions 3 torr 600 deg C, |values in microns)

600 deg C, L hr |15 mins

362 (30 tsi) 29.93 Ra: 0.7495; RMS:1

364 (50 tsi) 34.40 Ra: 0.1942; RMS:
0.2714

371 (150 tsi) 30.04 Ra: 1; RMS: 2

365 (30 tsi) 43.606

367(50 tsi) 30.644

370 (150 tsi) 39.288

372 (30tsi and 41.341 Ra: 0.0742; RMS:

Silicone Lube) 0.1049
(Sample # 373) with
NANO SURFACE
FINISH

366 (30 tsi) 44.274 Ra: 5.2 t0 5.62; RMS:
6.24 to 7.7 after
sintering

368 (51.6 tsi) 47.393

369 (146.8 tsi) 43.942

Table I11. Mechanical Properties of Nitrogen Sintered CDC Al-3Mg Alloys
600 deg C; 30 mins (Zn Stearate Die Wall Lube) [15]

Sample ID#(CDC Pressure) [#362(30 tsi)  [#364 (50 tsi) #371(140 tsi)
Thickness(in) 0.2648 0.2494 0.2536
\Width (in) 0.2325 0.2354 0.2361
Area(sq. inch) 0.06157 0.05871 0.05987
Yield Load, Ibs 567 538 581
UTS Load, Ibs 851 032 023
Yield Strength, psi 9200 9200 9700
UTS, psi 13800 15900 15400
Elongation, % in 1 inch 2.5 3.3 3.3
IModulus of Elasticity 9.0 6.3 7.3

(X 10° psi)




The CDC processed SS316L, Copper and Dissimilar Cu/SS316L parts of tensile dogbones (MPIF
Standard No. 10 with 3.5 inch length and 0.25 inch thickness bars) and cylindrical slugs (0.5 inch
diameter) revealed higher densities (Tables IV and V), fine surface finish (Tables V and VI) and
improved mechanical hardness (Table V), and strength/ductility (Table V1) properties under optimum
sintering conditions. Representative results are presented in tables IV to VI and Figs. 13 and 14.

For SS316L and Cu & Cu/SS316L samples (Fig. 13), the optimum sintering conditions were
1200 deg C; 2 hrs (Fig. 13) and 1000 degC; 30 mins, respectively. The Scanning Electron Micrograph
(SEM) of green and sintered SS316L samples revealed polycrystalline matrix grains in the
microstructures (Fig. 14a and b) and Xray Diffraction indicated the presence of mainly face-centered
cubic fcc-gamma phase (lattice parameter of 3.60 Angstroms) typical of austentic stainless steel 316L.

Table 1V. Experimental Conditions of CDC Processed Green Copper and Stainless Steel 316L
Samples [25, 27]

: by Density ook

Sample ID: CDC Processed Material & Geometry Press_ure (e/cs) Wrought
(tsi) Density
430 513 514 515 540 |Copper Bar 104.4 8.6777 96.85
432 516 517 518 |Copper Bar 158.2 8.7670 97.85
433 519 520 521 |Stainless Steel 316L Bar 103.7 7.3729 91.90
522 523 524 538 |Stainless Steel 316L Bar 1535 7.6176 94.90
525 526 527 |Copper / SS316L Layered Bar 106.4 8.0295 94.54
528 529 530 |Copper / SS316L Layered Bar 158.8 8.1920 96.45
531 532 533 539 |Copper / SS316LHalf & half Bar 105.1 8.0070 94.27
534 535 536 537 |Copper / SS316LHalf & half Bar 155.9 8.1590 96.06
431 | Copper Bar 130.1 8.7461 97.61
446 | Stainless Steel Bar 1355 7.5095 93.55
412 472 473 474 |Copper Slug 99.6 8.6748 96.82
413 463 464 465 |Copper Slug 1233 8.7182 97.30
414 443 454 455 456 |Copper Slug 148.6 8.7548 97.71
436 437 475 476 477 |Stainless Steel 316L Slug 99.5 7.3326 91.35
438 466 467 468 |Stainless Steel 3161 Slug 121.1 7.4667 93.02
415 416 417 457 458 459 |Stainless Steel 316L Slug 143.4 7.5523 94.09
439 440 478 479 480 |SS316L/Copper Layered Slug 100.0 7.9746 93.89
441 469 470 471 |SS316L/Copper Layered Slug 121.7 8.0560 9485
418 419 420 442 460 461 462 |SS316L/Copper Layered Slug 146.1 8.1393 95.83
481 | Copper Slug, 99.9% pure; -625 mesh 148.8 8.6057 96.05

Table V. Effect of CDC Process Parameters on Density, Microhardness
and Surface Roughness of Green Samples [25, 27]

Sample ID# Compactior! Greer_1 Micro ngdness Surface Roughness,
Pressure (tsi) Density(g/cc) | (kggmm?) um, Average (Ra)

CDC-Cu#412 100 8.642 114.5 0.1343

CDC-Cu#413 125 8.675 104.84

CDC-Cu#414 150 8.718 114.5 0.1695




Wrought 89
Copper
CDC-
SS316L#415 150 7.47 203.5 0.1798
CDC-
SS316L4416 150 7.57 214.16
CDC-
SS316L4#417 150 7.537 2115 0.1698
Wrought SS ~7.5-8.1
SS316L/Cu 150 Cu=1115 ;
#418 $S=189.2
SS316L/Cu 150 Cu=102.7 ;
#419 S$S=219.5
SS316L/Cu 150 Cu=102.7 ; Cu: 0.3759; SS:
#420 SS=211.6 0.2177

Table VI. Mechanical & Surface Roughness Properties of Sintered SS 316L & Cu/SS 316L[25, 27]

Sample Yield Strength, | UTS, psi % Elongation | Elastic Average
psi Modulus, Roughness,
x10° psi microns
520 SS 316L 31, 500 74,000 36 21.9 1.25
538 SS 316L 29, 000 77, 000 43 26.7 2.02
525 22,100 32,700 9.2 23.8
Cu/SS316L

Fig. 13 Digital Images of Vacuum Sintered CDC Tensile Dogbone samples:
a) SS316L., Copper and Cu/SS316L after 1000 degC; 30 min (left); and b) Sintered SS316L; b)
SS316L samples after 1200 degC; 2hrs [27]




&

Ia?;soo»wzoamﬁ,

AR ot bt 8 3 B S0l i B e 1lsegh S = Cha e R )
e 25 T b e |
e ; SR F—Fe (Fect
; g s d C1C 883161 - i
B o Vacuum Sintered CHC Austorite Phaseis
Fle = 1000 deg ©; 2 hrs i
. i
e [
%“’C |

FoFe (2T

+-Fe (220)

- Fe(40a)

e e D R e e R

o e
CrThesgen o

Fig. 14 Representative SEM micrographs of CDC processed a) Green SS316L (sample #468 at 121
tsi) b)Vacuum Sintered SS316L microstructures (Sample#437: 1200 degC; 2 hrs). C) X-ray
Diffraction (XRD) of Vacuum Sintered SS316L (1000 degC; 2hrs) [27]

SUMMARY AND CONCLUSIONS

e CDC processing has been used successfully to fabricate dense net-shape parts of select
geometries using a variety of materials such as Al-3Mg, SS316L, Copper and Cu/SS316L.

» The produced parts were found to have fine surface finish, improved mechanical properties and
net shape attributes by proper control of compaction conditions and sintering optimization.



» The CDC Stainless steel samples showed higher strength and ductility under optimum sintering
conditions and relatively little changes in Geometrical Dimensions such as shrinkage or
expansion after sintering treatment at 1200 deg C.

» The CDC processed Al-3Mg Alloy revealed the sintered mechanical properties close to the
annealed materials following controllable dimensional changes after 600 deg C sintering
treatment : % Increase Range in Thickness: 1.96 to 5.2%, % Increase Range in Width: 1.25 to 4
%, and % Increase Range in Length:1.3 to 1.6%.

» Layered Stainless Steel 316L/Copper difficult-to-weld and dissimilar material combinations were
successfully bonded in solid-state using CDC process with intermediate mechanical strength
properties.

» Preliminary Results are encouraging and Potential applications exist for future efforts.
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