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ABSTRACT

This report summarizes results during the period 1 July 1971 through
31 December 1971. The applied research is now being conducted by E. F. Indus-
tries, Inc. under subcontract to Martin Marietta Corporation. Cloese liaison
is being maintained between E, F. Industries, Inc. and the University of Denver
to further enhance the coupling of science and technology, one of the major goals
of the Center for High Energy Forming. Section I of this report wescribes those
areas of applied research where definite programs pointed toward hardware appli-
catlons have already been established. These include thick walled tube expansion,
die stresses, and applications of explosive welding to hardware configurations.
The work on explosive expansion of thick walled tubes is directed toward reduction
of process cost and an accurate determination of the process economics. Explosive
compaction of metal powders is directed toward production of forging preforms for
turbine discs, turbine buckets, etc. The explosive welding work will concentrate
on the production of components applicable to helicopter spars, rotors, hubs, and
dual hardness armor.

The basic research at the University of Denver covers many facets.

The basic parameters for powder metal compaction have been established for some
powders and for compaction of steel-tungsten composites. Preliminary results of
explosive thermomechanical processing of 17-7PH stainless steel and a Beta III
titanium alloy. Prediction and control of explosive pressure history in thick wall
tubes is being investigated via strain gage measurements. Also, the energy transfer
from a centrally located charge to a flat blank is being investigated. The explo-
sive welding research is directed toward diffusion and defect studies, as wvell as
welding parameters and thickness limitations.

Other research is reported on perforated dies, explosive forming of thick
walled domes, use of high explosive pressure for increased ductility, analysis
and design of faciliries for explosive welding and explosive welding of steel boiler
components.
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‘I E. F. INDUSTRIES, INC.

1. Thick Walled Tube Expansion
'PfinEipalxIhveséiééf6r§; :J. D..Mote, L. K. W. Ching

_..One of the major. costs in producing compressive residual-stresses in
thirk walled tubes'ﬁsing‘explcéiyc bulging methods Is he cost of the stain-
less steel radial piston. The selection of stainless steel as the ‘radial
piston material during the subscale development program was -arbitrary, ‘based
only on availability and schedule. However, the use of a different piston
material must produce the correct pressure-tive pulse to properly auto-
frettage the thick walled tube. A mathematical analysis is now being con-
ducted by the University of Denver to determine the tube thickness and explo-
sive loading required for autofrettage using a mild steel tube. Upon completion
of the analysis, E. F. Industries, Inc. will autofrettage two subscale tubes
based on' the parameters developed by the analysis. Subsequent to verification
of the successful autofrettage, a process economic evaluation will be conducted.

2. Explosive Compaction of Metal Powders
ﬂ-‘hll\-ll.dl Iu\le:il.lgaCOI.S: Jo Do lVlOte, Lo Ko w. Ching

The most promising area for immediate use of explosive powder compaction
methods 1s for forging preforms for compressor discs and preforms for turbine
discs and turbine buckets. E. F. Industries, Inc., in close liaison with
University of Denver personnel, Plans to quickly attack the problems of pro-
ducing such explosively compacted powder metallurgy parts. The potential ad-
vantagz of this process is to provide greater homogeniety in the material,
thus eliminating the leninarion problens eneountered with other processes,

Our initial studies will involve compaction of powders in gsealed
metal containers. This study will progress along two fronts, namely, con-
tainer design and explosive loading required. to produce a given density.
Séwer il eontalner wall Mhitkicsses will Be used to determine the container
configuration required to prevent canister fracture. Three different geometries
will be used in this phase. The geometries will be a pancake, a c¢ylinder. and
a hollow tube. Once the container designs are established, additional shots
will be performed to obtain the highest density for each configuration and
wall thickness. These tests will then provide a baseline for the density
studies and should be completed in 3 1/2 months.

The density studies will be based on the earlier studies. The con-
tainer will be selected and several different metal powders will be compacted
based on the previous results. Metal powders will be selected from the
following classes:

a. ferrous alloys
b. stainless steel alloys
c. superalloys

d. refractory alloys



These alloy classes represent the most interesting and challenging
classes and should represent a wide range of material properties. Loadings
will be varied in this testing phase to obtain maximum densitles for -each
type of powder. Once this study is completed, the problem of compacting

powders in a hardware configuration can be studied.

Hardware configurations will, naturally, vary according to the specific
requirement; however, there are several configurations which appear more
often than others.. One or two of these representative configurations will
be selected for:further study. Container and load versus density studies
similar to the earlier studies will be conducted to determine if the high
densities achieved with simple shapes can be achieved in more complex shapes.

The program outlined above should provide an insight to the problems
of compacting metal powders in a container, compacting various types of metal
powders, and compacting complex shapes. The results derived will provide
data for several areas of practical applications.

3. Die Stresses

Principal Investigator: L. K. W. Ching

Analysis of the experimental results in the die stress program is

being conducted and a final report is being prepared for inclusion in the
annual report.

4.  Applications of Explosive Welding to Hardware Configurations

Principal Investigators: J. D. Mote, L. E. Jensen

A preliminary program plan for exploitation of explosive welding
technology applied to specific hardware configurations of interest tc D.0.D.
Departments has been prepared. This program wiil emphasize prodvcirion of
joints for such applications as helicopter spars, rotors, hubs, weld re-
tainers, etc. Another area of extreme interest is explosively bonded and
explosively formed composite armor including dual hardness armor. A con-
centrated six month experimental pProgram is being developed to demonstrate
the feasibility of the process in these areas.



II.  UNIVERSITY OF DENVER

1. Explbsive[Powdér Cbmpactipn
Principal Investigator: - H. 6tto
'Graduéhe Students:. D. Witkowsky and T. McClelland
This area of research is divided inta two studies: (a) the Eabrication
of rclling preforms and (b) the compaction of composices. In both studies,
steel powder has been used for the basic material with tungsten filaments
being used in the composite study. '

a. . Compaction of Preforms

Compacts of Ancorsteel 1000 Iron Powder had been made earlier
in the program using explosive loading ratios of 1.1:1.0, 0.8:1.0,
and 0.6:1.0 (weight dynamite to welght steel powder). Very little
difference in hardness was noted from compact to compact, as an A
inspection of Table II.1.1 indicates. Even a comparison witha
conventionally pressed compact did not indicate a large difference
in hardness, even though the conventionally pressed compact was
less dense. :

Sintering experiments werd eoupducved b o pettered hydrogen
argon atmosphere. Both time and temperature were used as variables
in these experiments. Results of these tests are presented in
Tables II.1.2 and II.1.3.

As an inspection of these tables indicates, _he specimens
actually decrease slightly in density as a result of sintering.
This decrease varies over a wide range and {s more pronounced in
the conventionally compacted specimens. Although there were no
significant changes in specimen dimensions as a result of sinter-
ing, changes in weight were observed. The decrease in density
noted 1s a result of weight loss with no corresponding decrease in
volume,

Metallographic examinations are underway at the present time
to determine the type of changes that occur during sintering.
These studies should be completed in the near future,

b. Compaction of Steel-Tungsten Composites

A double-acting piston arrangement 1s being used with Red
Cross 407 Extra dynamite as the explosive charge.

Problems have been encountered in obtaining a uniform wire
distribution and cracking in the comrosite. A wire-winding appara-
tus has been built which now allows a uniform wire distribution
to be obtained. Wire braces with 5-mil tungsten wire 5 mils apart



Table II.1.1 Hardnes: Readings on Green Cbmpact;'w1th
1/4~inch Ball and 15 Kg Load

Type of
Explosive

40% RCE
40% RCE
60% GD
sup-5
SWP-5
SWP-5

No Explosive

" Loading

_Ratlo
VN

1.1:1.0

0.8:1.0

1.1:1.0

1-1:1-0 ’ ':"v-:h

0.8:1.0

0.6:1.0

31.2 tsi

‘Thickness
Comgact, in

1/2

1/2
i/4
1/4
1/4

1/4

Average
Hardness

87
88
87
85
86
85

84



e

Table II.1.2 Results of Sintering ‘Tests ‘on Explosively and Conventionally
< Compacted Steel Specimens After S:lnterhg for -
One Hour at: Various Temperatures -

3

, Sample - o Sintering Deusit:}.vJ % 'of-.Theofetical Change in
Identirication “Temp., OF * Before. .. After . '-.'jDensltz,

EC 1. 1 1.0 LT g0t 96.3 93.4 “2.9
' : 1000 96.9 94.6 +2.2
1200 © 95.4 94,3 -1.1

1400 96.6 9%.7 -1.9

1600 96.2 95.7 -0.5

1800 95.0 9.4 -0.6

2050 94.9 97.5 +2.6

2200 97.5 96.9 -0.6

2400 97.1 96.4 0.7

EC 0.6:1.0 800 97.0 95.7 -1.3
1000 95.5 94.9 -0.6

1200 97.3 95.8 -1.5

1400 96.3 94.5 -1.8

1600 97.2 $5.9 -1.3

1800 196.6 06.1 -0.5

2050 95.1 96.6 +1.5

2200 96.3 95.9 ~0.4

2400 96.6 95.5 -1.1

CC 31.2 tsi 800 83.2 82.0 -1.2
1000 83.4 82.5 -0.9

1200 82.4 81.1 -1.3

1400 82.8 80, 2.4

1600 84.5 81.8 -2.7

1800 85.2 83.7 -1.5

2050 85.5 83.1 -2.4

2200 83.3 80.4 -2.9



Table I1.1.3  Results of Sintering Tests at 2050°F for Various Times

) Sample . . Sintéring - Density, % of Theoretical .. Changes’in
Identification o Time, hr. Before After ~ Density,
EC 0.8:1.0 1/4 96.3 95.5 0 =0.8

ra 85,0 94,4 -1.0
3/4 26.7 96.1 -0.6

1 94,7 96.1 ‘ +1.4

1-1/2 96.4 96.1 ~0.3

2 B, 5 96.0 -0,5

3 96,7 Ho .4 -0,3

6 9o 4 96.3 +0.9

CC 32.1 tsi 1/4 85.0 84.9 -0.1

1/2 86.0 85.8 -0.2

3/4 86.4 35.9 -0.5

1 85.5 83.1 ~2.4

1-1/2 84.7 84.5 -, 2
2 84.3 84.3 0

3 84.9 83.4 -1.5

6 83.6 82.4 -1.2

p N



have been made and used. The steel powder is now being vibrated
‘around the wire harps for varying time periods using a: modified
Syntron Vibropolisher. This 1s:to insure that" the powder fills'

all the voids around the wires and helps eliminate weakness. planes.‘

A number of die modifications ‘have been tried in an attempt i
‘to.eliminate the cracking’ problem. Different types of spacers
=between the ‘wire braces and:the‘die and varying sizes of ‘piston
top-plates have been tried with:little" ‘success. Currently a new
die is being built with larger: ‘overall dimensions.. ‘It is believed
that -the. ‘more -massive die will ‘reduce “the elastic spring—back which
seems to be the major cause of cracking.

_ Portions of the final: composite ‘away" ‘from- cracked ‘Tegions
are well compacted and, after sintering, show -pood uatrix-fiber
bonding with no brittle interface region. Once the cracking problem
is overcome, mechanical testing will be done to determine the '
properties of the composites.



2. ‘ExplosiveiThermbﬁechaniéainwocess;qu

;Etiﬁg#;é;ﬁinvépgigéﬁqp; R.‘N. Orava
Graduate Student: J. P. Allen

The investigation of dynamic thermomechanical Processing '(TMP) is con-
tinuing. The effects are being studied of the incorporation of cold 'rolling
or explosive forming, as the mechanical working stage, ‘into the heat treat-
ment schedules for semi—qusteniticrprecipitation-hardenable stainless steel
(17~7PH) and an age-hardenable beta-titanium ailey (Beta IIT). Recent re-
sults are presented below. - ,

The standard thermal processing procedure for 17-7PH steel is given in
Table II.2.1 and involves:

1. solution heat treatment;

2. austenite conditioning to precipitate My3C¢ and render the
festenite Loss stadle;

3. transformation to martensite, by cooling or cold working;

4. precipitation hardening, which serves as both a martensite
temper and an aging treatment.

Forming was inserted between each of Steps 1 and 2, 2 and 3, and 3 and 4
above. The martensitic transformation in Step 3 was effected thermally prior
to forming. '

Room-temperature tensile properties were compared after thermal pro-
cessing, conventional TMP by cold rolling, and dynamic TMP by explosive
stretch-forming of rectangular workpieces. The data are presented in
Table II.2.2.

When the mill-annealed stock was deformed and then aged at 100°F for
1 hr., the terminal strengths increased in the predicted manner with in-
creasing forming strain, Also, for an equivalent reduction in thickness, the
yield and ultimate strengths after explosive forming and aging are lower than
those after rolling and aging. For exanple, for a forming strain of about
13%, the yield strength associated with explosive TMP ig cbout 167 lower than
after conventional TMP, and the ultimate strength, 6% lower. Although these
differences are not particularly great, one should be aware of this factor for
design purposes. It is best understood in terms of a reduced propensity
for strain-induced martensitic transformations as the rate of defornation
increases. This tendency is experimentally well established. A less likely
explanation would be the acceleration of aging due to the nature of the defect
structure generated at explosive forming rates. Studies are presently under-
way in an attempt to isolate thesge possibilities,
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Table I1.2,2° Room-Temperature Tensile Properties of 17-7Pli Stainless
‘Steel Following Thermal‘ Processing, Conventional ™P,
¥ or Explosive TMP. :

) ,:Eorming Total
Forming' Strain 0.27% YS UTS Elong. R.A.
History* (1n/in) (ksi) (ksi) - (%) : 4
(a) Cendition A + Cold Work — Condition CH9GQ'
UD 0 52.0 137.1 38.8 52,7
CR 0.084 90.1 148.8 . 32,0 47.3
0.112 106.3 159.6 30.0 49,1
0.129 114.9 160.4 29.8 45,2
EF 0.129 96,2 150.6 31.1 42.8
Nominal 0.30 115 178 10
- 0.60 190 220 5
~(b)  Condition A + Cold Work —p Condition TH1050
UD 0 ~ 181.8 194.9 6.5 27.0
CR 0.084 179.1 191.4 10.0 33.8
10,112 185.9 194.7 6.1 33,0
EF - 0.084 191.4 201.9 5.9 28.9
©0.112 187.4 199,1 8.1 36.4
Nominal 0 174.5 i87.5 10.5
0.30 165.5 183.8 11.8
{c) Condition T + Cold Work—p TH105G
1)) 0 181.8 194,9 6.5 27.0
CR 0.024 192.6 197.9 3.8 19.0
EF 0.024 192.3 199,8 5.5 32.5
Nominal 0 174.5 187.5 10.5
* UD: undeformed; CR: cold rolled; EF: explosively formed



Table I1.2.2 (Con't .)

Forming . ' Total

Foriiing Strain 0.2% vs ‘UIS . Elong. R.A.
llistory* (n/in) (ksi) (ksi) L2 (%)
{d) ' Condition A1750 + Cold Work -» RH950 01
uD 0 211.4 - 222.3 6.9 31,4
CR 0.022 201.4 216.3 8.3 12.6
EF 0.022 140.1 193.5 11.4 34.6
Nominal 0 ' 220 235 6

fe) Condition R-100 + Cold Work — RH950

Ub 0 218.1 229.0 8.4 36.5

CR 0.025 183.3 216.1 11.5 35.5

EF. 0.025 215.9 228.9 10.7 T 34,2 ,
Nominal 0 220 235 6

* UD: undeformed; CR: cold rolled; EF: explosively formed



Generally,. imparting a large amount of strain in Condition A prior to
converting to TH1050 requires a modification of the austenite conditioning
temperature from ‘1400 to 15500F, and the transformatica.cooling conditions
to O°F for 4 hrs. This will restore to undeformed TH1050 levels the proper-

ties shown in Table 2(b) for 30% strain. Significantly, it would appear that
this modification is unuecessary for .the lower forming strains (8.4 and 11.2%)
examined herein, particularly when material in Condition A is explosively
formed. The strengths are increased relative to thermally processed control
material by an average of 8% for yield and 3% for ultimate strength in this
strain range. Moreover, the ductility is raised slightly rather than falling
off as might be expected.

When 17-7PH steel is formed in the transformed condition (T) prior to
aging to TH1050, both rolling and expiosive forming introduce a small increase
in the final strength levels. Whereas the former leads to substantial reduc-
tions in ductility, explosive forming leaves the ductility relatively un-
changed. When worked in the R-100 condition, however, exp.osive forming does
not significantly alter the properties, while cold rolling has a decided
detrimental effect on strength. '

It shiould be pointed out that only a small amount of cold work (2.4%)
in Condition T raised the yield strength by 10,000 psi. On a specific basis,
a linear extrapolation to 10% strain would result in a 45,000 psi strength
increase. Unfortunately, one of the problems is the Instability strain
limitacion in the high-strength, transformed condition. Conceivably, then,
substantial bereficlal effects could be realized if the fabrication procedure
does not involve large tensile strain components along with sizable compres-
sive strains.

The influence of high energy rate forming in the A1750 condition on
RH950 strength levels has led to some unusual results. Fer example, the
yield strength after explosive TMP is 34% lower than that of the undeformed
control material, and 30% lower than after conventional TMP by rolling to n
equivalent strain. The decrease in ultimate strength is less severe (about
13% and 11%, respectively). Why the discrepancy 1s this great presents an
interesting problem which has not yet been resolved. Presumably, the trans-
formation characteristics are significantly altered at -100°F. Until such a
time as the result is confirmed by additional experiments, the causes better
understood, and modified heat treatment conditions determined and gspecified,
one should temporarily avoid the application of this particular explosive
TMP schedule. This investigator is confident, however, that an appropriate
heat treatment can be found which will eliminate this strength discrepancy
without the necessity of resolutionizing.

At this stage of the investigation, several tentative conclusions can
be drawn. Firstly, 17-7PH stainless steel can be processed successfully by
dynamic TMP, utilizing explosive forming in conjunction with the standard
heat treatment schedules, without property degradation under the following



circumstances: .when the initial -state prior .to.working is Conditioen A or'T,
converted after forming to TH1050; Condition: R-100 as the ‘dnitial state,
converied after forming to RH950. Secondly, explosive forming in Condition A
and aging at 9000F (fractional Condition CH900) will not yileld the expected:
properties achiavable .by an equivalent amount of reduction by cold rolling.
Once this fact' is known, it can be taken irnto consideration in designed for
service, or alleviated by changing the heat treatment parameters. , Thirdly,
‘explosive forming 'in Condition A1750 ‘and converting thereafter to RH950
accerding to normal procedures is to be discouraged until a modified heat
treatment schedule is developed to restore properties to or above nominal
levels. Lastly, although tne explosive TMP of 17-7PH stainless steel does
not seem to have led to any outstanding property improvements for the
schedules investigated to date, neither does it introduce adverse effects’
which cannot be readily overcome.

The response of explosively formed and .cold rolled Beta III titanium
to aging at several temperatures is being studied also. Some of the more
significant results are summarized in Table I1.2.3. This table shows the
percentage increases in hardness (DPH) due to aging for 4 and 8 hr. at 450,
700, and 9000F, and for 72 hr. at 450°F. The basis of comparison in (a)
is the unstrained solution-treated control material, and in (b) the undeformed
but similarly aged stock. There is a distinct hardening effect due to prior
working with all aging times and temperatures examined. The smallest influ~-
ence of TMP occurs at 9000F, which coincides with the precipitation of alpha
phase. Moreover, the 9000F aged hardness after explosive forming is slightly
lower than after an equivalent reduction by cold rolling. In both respects,
the hardness data agree with Previously reported tensile properties after an
8~hr 9COOF age. :

If, on the other hand, one considers the results for 450°F and 700°F,
which are conducive to the precipitation of cmega phase, then a TMP strength~
ening effect becomes evident. Whereas Prior strain by cold rolling only
marginally raised the strength level on aging at 700°F, explosive forming
led to appreciable strength improvements. A similar but more pronounced
effect occurred for a longer aging time at 450°F. It should be noted that
the as-formed hardness was generally lower after explosive forming than after
conventional working. This is not iaconsistent with previous findings for
BCC metals.

Consequently, the explosive TMP of Beta III titanium alloy seems to be
encouraging. In addition, the above observations suggest that a two-step
aging sequence could prove beneficial to overall properties.



Table IL+2.3 Percenxsge Increase An uardness (D?H) of Beta [II Titanlum
PN Due to Aging After Forming to 10/ Rcduction in’lhickneqs.

Forming LA 4 Hr. S 8 lir. 3 172 Hr.

lifstory. ‘450°F _700°F 900%F 4500 r 100 r 900 E 1430 F

(a) Relative to the Undeformed Solution-Treated State

UD. a**%lB 3 '51.8° 52 126 5900 60, 3 735
CR 34.3 “61.5 'ez;lf' 33.2 G v o5 Gk
EF 33.6  75.2  58.2 33.6 784 649 56.7

(b) Relative to the Undeformed, Aged State
CR 13.6 6.4 6.5 9.5 " 5.7 4,6  "16.9

EF. 12.9  15.4 4.0 9.8 122 2.9 26,9



3. Prediction and Control of .Explosive Pressure ‘History
.Principal'Iﬁ§¢étig§fbrs:$_fﬁ}:A,.Kaplgn; G. A. Thurston
Graduate 'Students;: V1 ﬁiS6uza,ﬂG;,Rowe}lx

The: explosive pressure-time history fiqm;thggﬂegéghtioﬁ;df*hn”axial
charge: in-a' thick walled hollow cylinder. is being investiyated by means of
strain gages on the outside wall of the cylinder. It is possible to cal-
culate the combination’ of peak pressure and duration from the strain gage
readings on the outside of the cylinder wall.

- Strain gages have a fast enough response time for this purpose, but
some difficulties have been encountered with the circuitry, resulting in
-inconsistent readings. There is reason to believe that these difficulties
have been overcome, and precise ucasurements will begin shortly.

Up to this time u stainless steel tube has been used to.encase the
charge. Future investigations will be directed toward replacing the stain-
less steel tube with a less expensive mild*steel tube without decreasing the
duration of the ‘explosive pressure pulse below the critical value reguired
161 successful adtofrettage.

The: energy transfer from a centrally located charge through water to a
circular blank is being investigated mathematically. A Kirkwood-Bethe strong
shock analysis has been used to determine the energy transfer from the primary
skock wave to the blank. For small stand-off distances, the curvature of
the shock wave has been taken into account in the calculations. This part of
the investigation has been completed and attention.is now being focused on
the reloading phenomenon following the primary shock wave.

At a small stand-off distance (L/D = 1/6) the gas bubble bursts over the

blank. Analyses will be made :o predict the resulting pressure on the blank
and the duration of the energy transfer.

4. Explosive Welding

Principal Investigator: S. Carpenter

a. Diffusion and Defect Studies

Graduate Student: M, Nagarkar

Results of diffusion studies on both explosion welded and roll
bonded ‘copper-nickel couples have shown a defirite enhancement of
the diffusion in the explosion welded couples. To demonstrate that
the enhancement is not a result of the wavy inierface an explosion
weld2d couple was fabricated using a symmetrical explosive loading
arrangement. This gave an explosive weld with a straight interface.
Diffusion studies on this couple also gave enhanced diffusion over
that measured in the roll bonded couples. It is felt that the



emﬁanced;diffgsion'is thé~résu1t'6f$a~&eféctfétruéthre pro-

o,

duced by the’ééyere deformation andJjgtgingﬁq;ongnqhe%weld inter-

the defect structure is its thermal stability. At present work is
underway to try and observe the defect structure by use of trans-
mission electron microscopy. Thinning.is.very difficult because

. of the. dual metal couple. ' To dccomplish thinning an ion discharge
System has been fabricated which essentially uses high energy ion -
bombardment to €évaporate metal &oms off the surface.

Work is also continuing on studying the Fe-Ti system to see
if formation of intermetallic Phases is enhanced as the diffusion
was in Cu-Ni welds. Samples have 'been welded and heat treaced and
data are now being taken using the electron microprobe.

b. Welding Parameters and Thickness Limitations

Graduate Student: R, Wittman

Previous investigations have'indicated,there_is a unique col-
lision angle for optimum weld strength of a particular metal-alloy
combination. It is generally thought that the collision angle
for optimum strength will remain constant as the flyer. thickness

s increased when using the parallel welding gepﬁetry and a constant

explosive composition. If the collision angle remains constant-

then the flyer plate impact velocity will also be constant. But,

if the flyer plate thickness is'increasqd (i.e. increasing the ;plate
mass), and the ‘explosive conditions and ‘stand-off are adjusted to
maintain a constant impact velocity (collision angle), the kinetic
energy of the flyer plate will have increased. :

It has been observed that impact kinetic energy is dissipated
in numerous ways during flyer plate-bage plate impact. The most
important mode of dissipation is deformativa in the vEitnity of the
fiterface (i.e. the formation of a wavy interface). -Deformation is
accompanded by the generation of heat dnd a corresponding
temperature rise, which can be eéxtreme to the poiat of Producing
mechanical Property degradation and lowered bond strength, -

These observations would Suggest that constancy of collision
angle for increasing flyer plate thickness.is not a proper model
for uniform explosion weld strengths. The hontrolliug factor
determining impact angle would seem to be the impact kinetic energy.
For constant thermal-mechanical results at the weld interface, the
impact kinetic énergy must remain constant, If this 18 true, the
flyer plate impact velocity and collision angle must decrease as
the thickness of the flyer plate is increased for a constant kinetic
energy input corresponding to optimum weld quality, :
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ﬁ;Expgg;ggntsfhavgfbeen*cbmpléiédﬂ?b:fBDGJETGiéiﬁﬁiqgg;gélded: f

ﬁ@g;ggé;f%whiqhﬁare‘éonsistéﬁﬁ‘ﬁitﬁ'a’constahf kinetic energy. /.
model. In thege experiments the explosivehcompositidh and welding

varied for flyer plates ranging in thickness from 1/8 inch to

1 1/2 inches. The results show that\for“patent_metal strength
welds, the flyer plate impact kinetic energy had remained constant
as the flyer plate thickness vas Increased. The impact velocity
and collision angle have been observed by flash radiograph measure-
ments to decrease with increasing flyer piate thickness.

It is certain there must exist a lower limit on impact
velocity that will produce the necessary interface flow and re-
sultant break-up of bond inhibiting contaminantsg. If the constant
kinetic energy model is true, then there must be a -limiting plate
thickness which can be optimally welded. In the case of 6061-Té
aluminum, 1 1/2 inches thickness appears to be very near the limit
that can ba explosion welded to itself and result in parent metal
weld strength.

3.  Perforated Dies for Explosive Forming

Principal Investigator: A, A, Ezra
Postdoctoral Fellow: S. Kulkarni

Following the death of Proressor H. §S. Glick, this work has been taken
over the Dr. A. A, Ezra, with the assistance of Dr. S. Kulkarni, The work has
been re-directed toward the development of rational methods of analysis for
thin walled dies for explosive forming,

Since explosive forming dies often fail due to sizing shots, a hemi-
spherical die configuration is being analyzed for this loading condition. The
differenqial equations of motion have beén set up to include the resistance.
of the surrounding water. Experimental verification of some of the preliminary
results will be carried out shortly.

6. Explosive Forming of Large Thick Walled Domes

Principal Investigator: R. J. Green

This work has been 1limited exclusively to theoretical iamuof LparLons.
A parallal exnperifiental itivestigacion has been funded separately from a different
source as a spin-off contract. ’

This 18 another example of a direct coupling of science and technology.
The theoretical work is being done under the auspices of this econtract while
the experimantal work, which Ls directed toward a new technology for forming
thick walled domes 4g being done for the U.s§. Navy. :
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Using theAsqndwgdh‘gpprpach'vhg;gﬁgwo;dqmesjageqfqtmeayéipuitgpgogbly‘
it haﬁrbeeﬁ“féuﬁghﬁhat*théYéxpLOSiygﬁengggy;rgqui:ed%mayfbe{ésti@été45by,thei
follqw?RSQfomuléi (ol - i T 05 =

E =27 h, wl

where E - ‘energy in the charge.
Oy = yleld étfess;of'blanﬁnmaterial

h = Initial thickness of blank

wxﬁF ~depth of dome at center

>

The thicknéés distribution may be»estimated from the following formula

/b = 0.87 wir )2
where h = plank thickness

I = original radial distance from center of blank before
deformation

7. Use of High Explosive Pressures for Increased Ductility

Principal Investigator: M. A, Kahlan

Kaplan can complete his investigation on the Prediction and contwrol of pres-
sure history Hr axial charges in thick walled tubes, ' These have been

8. Ana;zsis and Design of Facilitiesg for Explosive Welding
Principal Investigator: A. A, Ezra

Graduate Student: A. Eriksen
A barrier to the technological exploitation of the research knowledge
being generated is the necessity of using remote locations to shoot the large
charges required for commercially useful applications of erplosive welding,

-C

A vacuunm facility to reduce the noise level is being analyzed and . N
designed. Comparative analyses have shown that a hemispherical shell is . the
most efficient structure. It has also been shown by analysis that a 22 ft.
diameter hemisgherical shell, oe $net, thilck, cen sately contain a 200 1p.



dynamite explosion, provided the alr pressure in the shell'is reduced to
1 psi before firing. Presen’; thinking for the fabrication of  such a.con-
talner runs along the following lines. A truncated cone will first be"
‘fabricated and with the inside air at ambient pressure, a charge will be
fired to expand it to the desired shape, For subsequent shots, the’émbiept
Pressure level will be reduced to l”psi,befoge firing. : ) ,X?"'
Experimental investigation of a small scale model will be carried out
shortly. ; ¥ C e o

B

9. Explosive Fabrication%of Steel Boiler Components

Principal Investigator: ‘H. Otto
Graduate Student: James Boyter

Stock of 1/2~in. thick A-515 was explosively formed using two different
procedures: (1) into flat bottom die and (2) simultaneous free forming of
two blanks. In both cases the original blank diameter was 22 inches. Prior
to forming, the blurie Were prioeogridded su the clrcumterential and radial
strains could be measured. Strains. were measured and the effective strains
along two diameters calculated‘using the Von Mises Henchy criteria. For
comparison purposes, part of the stock was rolled in two directiops to give
4 biaxisl strain the Sale as that in specimens taken from the domes for.
Charpy and tensile testing. Specimens were taken orientated longitudinal
and transverse to the original rolling direction in the plate stock.

Testing i1s currently underway, and the only series completed is Charpy
impact tests taken from the flat bottom domes and compared with ‘cold-rolled
stock at the same strain (0.04). Charpy specimens of the as-received stock
have been completed also. These results are presented in Figure 11.9.1. As
was‘expected, strain, regardless of mode, did increase the DBT of the steei,
Alchough there is g lowering of the impact energy by straining the specimens
at ambient conditions, elevated temperature tests were not conducted.
Explosive forming had less of an effect on the DBT properties than cold
rolling. : -

The increase in hardness at a comparable level of strain was about the
same for both the cold-rolled and explosively formed stock (75 Ry as-received
to about. 85 Rp for the strained specimens).




00T

: - . BupTION pPrOD SS01n £q pue
‘Burmiog @arsoTdxy £q pednpoiIuI g g 3O UTBIIS BATIOAIIY

UE HIEM 19935 ¢TG-v U0 s3Isal 3deduy Adaey) jo s3rnsay T'6°I1 @an81g

do mu:umumaamw

o oo 00z-

00€-

T®938 GI¢-v-

98I2ASURIY ‘paTToYy

Teurpn3y3uor ‘patroy

8siaasuell ‘pauwioz A1aarsordxy

- TeUTpn3f3uoy ‘pamioy Araarsordxy
B 98lIvAsuRlI] .vm>ﬁwuwh SvY
Teurpnif3uot ‘paaradaa sy

o e

Sedeadnm

0z

0t

119



	Untitled

