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The force, temperature, and time relationships were

investigated by using oscilloscope measurement techniques -

Force was measured using a straj-n gage and the dynamic

response recorded with a polaroid oscilloscope camera.

Temperature was measured with a tungsten-rhenium thermo-

couple and recorded in the same manner. Residual stress

measurements were made to determine an approximate temper-

ature gradi-ent of the weld zone. Tensile strength was

used for determining the quality of the weld. AI1 rela-

tionships were displayed using tensile strength as the

dependent variable.

An exponentially-shaped drop shaft was designed to

control the force characteristics. No force wave-reflec-

tions were observed. The design criteria were high

damping, smooth transitions, and coupling to the air.

Process variables were reduced to a1low observation

of the force, time, and temperature relationships. The

magnetic field, due to the current carrying leads, was a
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major factor j-n causing unslurlurnetrical arc formation and

lvas reduced by shielding. Resistance of the cj-rcuit was

controi led by providing bolted connections and using

stainless steeJ strj-ps for the varlable resistance element.

The voltage and capacitartce parameters were maintained at

one settJ-ng in order to ellminate their effect" Oxide

Iayers were not controlled but the studs and plates were

cleaned of grease and films.

Metallurgical.relationships are discussed but not

displayed. Cracking in the weld pone exists in some

cases and overaging has been observed. These adverse

metall-urgical effects usually aceompany a thick weld

zone.
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Percussion Welding Force, Temperature and Time

Relationships for Welding 6061-T6 Aluminum

INTRODUCTION

The American Society for Metals defines percussj-on

welding as "An electric-resistance butt-welding process

in which the weld area is upset or forged at the moment

of welding" {2, p. f0). The energy for welding is stored

in capacitors, and released in an arc as the stud (in

this case) approaches the plate at constant velocity.

After the stud makes physical contact with the plate the

percussive force forges the stud and plate surfaces

together. The arc time j-s dependent on velocity, the stud

tip, and the voltage of the charged capacitors. The

melted material cools very rapj-dly due to the thermo-

dynamic properties of the stud and plate. The equj-pment

used and a welded stud are shown in Figure 1.

Previous work has been concentrated on many of the

outside parameters such as capacitance, voltage, resist*
ance, force and velocity. Assumptions pertaining to

temperature relationships are generally quite vague due

to the speed and high temperatures of the process. Thermo-

dynamic studies are not feasible due to the removal of

heat energy when the percussive force pushes molten metal

out of the weld zone. Various stud shapes and platings

have been previously investigated. A more complete
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summary of prevj-ous work is available j-n the bibliography

articles, but it is evident that new methods of attack

are desirable.

OBJECTIVE OF FORCE, TEMPERATURE, AND TIME RELATIONSHIPS

Utilizing force, temperature, and time relationships,
the number of parameters are reduced to force and tempera-

ture as a function of time. The quantity of variables
requires either a murtivariable analysis or fj-xation of
severar variabres and multipre anarysis" Both approaches

are laborious and require the use of a large computer,

which is generarly not avairabre to manufacturers or users

of percuss j-ve welders.

Force, temperature, and time relationships are basic

to the percussion welding process. trn aluminum welding,

overaging results if the temperature is held too high for
too long a period. In general, diffusion of alloying
elements destroy the characteristics of the alloy. The

percussive force determines the amount of morten metal

pushed out of the weld zone and provides filring of voids.
rn attempting to determine other variables during solidifl-
cation of the weld zone, only the current and the materj-aI

characteristics are apparent. The current will affect the

temperature a neglj-gibre amount, since heat conduction away

from the weld zone is very rapid.
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The relationships are easy to measure and record.

Transient temperature and force measurements are posslble

using standard oscilloscope techni-ques. No publications

covering force, temperature, and tj-me relationships have

been found 1n the literature. Comstock had used a slow

response (30 mil diameter) Iow melting point (Chromel-

Alumel) thermocouple and obtained the temperature measure-

ment below I300 degrees centigrade. Transient force

measurements are quite common and have been used in many

applications including percussive welding (2O, p. 35) .

PROCESS VARIABLES AI{D THEIR CO};IT'ROL

The percussion welding process has well-defined

variables and hidden variables. The hidden variables are

functions of the weII-defined. The magnetic fieId, cir-
cuit resJ-stance, and stud ali-gnment are three important

vari-ables that were minimized in this case.

The magnetic field was found to cause an unsyrnmetri-

cal weld during the preparations for Comstock's factorial
data run. A large quantity of mild steel was used to
shield the weld area from the magnetj-c fields as shown

in Eigure 2, p. 5. The amount of mild steel was chosen

to eliminate the unsymrnetrical welds. Electrical steel

-M6 (4, p. 7BB) was obtained later and it was found that
only one-third of the cross-sectional area was necessary

to eliminate unsymmetrical- welds.
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The resrstance of the circuit is hard to coritrol

since the circuit resistance is between three and 40

milliohms " Circuit connections must be maintained at a

high contact, pressure in order to eliminate a varj-able

resistance characteristic. During preparation for Com-

stock's factorial data run, a copper-to-aluminum junction

failed twice, therefore the section of aluminum bus was

replaced with copper. Aluminum-to-copper connections must

be isolated from the atmosphere or galvanic corrosion will

take place (2, p" 895). The resistance between the stud

holding collet and the stud was minj-mi-zed by keeping the

collet pressure fairly hiEh. One aid in this case is that

the aluminum oxide layer on the stud threads is removed

when sliding the stud into the collet. Even with high

collet pressures evidence of heat dissipated at the

junction was observed in the form of aluminum melting onto

the collet" The resistance of the plate to the work table

is dependent on clamping pressure on the plate, the oxide

Iayer on the plate and the cleanliness of the table. A

clamping force of 60 pounds through two clamping fingers,

each one-half inch diam.eter, was necessary to maintain

the clamping resistance within 0.05 milliohms.

A stainless steel strip (68 mils thick by one inch

wide) with holes drilled to give steps of approximately

one-half milliohm was r.rsed to vary resistance (see Figure 3
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p. 5). By rneasuring the resistance before and after
welding, 50 percent of the measuremenLs varj-ed hy 1,ess

than .l- milliohm and the maximum difference recorded was

,71 mill-iohm (usiag a sample size of 40 welds).

The oxide layer on aluminum results in the arc taking

the path of least resistance and can cause an unslanmetrj-caJ-

weLd" An analogous effect was displayed by placing electr:..
cal tape across one-fourth the weld area. The same is true

of oi1 films that may exist on the metal (2, p. 779-786).

The oil- films were removed by cleaning the plate and stud

with paper towel soaked with paint thinner. Consideratj-on

was grj-ven to removing the oxide layer with an alkaline

substance, but the distortion of the surface would then

become a problem. The stud must be perpendicular to the

plate or this will al-so cause an unslirrunetrical weld. In

this case the arc propagates to the two closest points on

one side of the stud.

The process variables were real and were controlled to

produce consi-stently good welds. The magnetic field effect
was the most pronounced cause of consistently unslrmmetfical

welds with oxide layers causing an occasional unsymmetrical

weld. These process variables were reduced to allow

investigation of the force, temperature, and time relatj-on-

ships.



OSCILLOSCOPE MEASUREMENTS

The temperature sensing element was a 26 percent

Rhenium-Tungsten versus a five percent Rhenium-Tungsten

thermocouple. This materj-al is manufactured by The Hoskins

Manufacturing Company. Temperatr.rre versus emf data is in
the appendix on page 52. The formation of the thernnocouple

bead was performed by using the circuit of Fj-gure 4. The

hardware used is shown in Figure 5. The two thermocouple

elements were twisted together for about one*fourth inch

and connected to the resistor. The capacitors were charged

to 50 volts and the end of the thermocoupJ-e quickly touched

against the carbon block to form a bead as shown in Figure

6, p. 1I. The bead is quite brittle since the tungsten was

heated above 2OOOo F. The other ends of the thermocouple

element were wrapped and soldered directly to a shielded,

twisted-pair cable. The thermocouple was placed directly in
the weld zone as shown in Figure 7, p. lt.

The thermocouple wire was selected five mils diameter

on the basis of rise time and physical size. The rise tj-me

was calculated to be less than ten mi-croseconds which is
I00 times less than the arc time (L4, p. 65*67\. The

strength of the thermocouple was consj-dered in conjunction

with rise time and approximately 50 percent of the measure-

ments were fai-lures due to breakage of the wires. A larger

thermocouple wire would provide more strength, but would
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interfere with the weld process, and result in a

greater response time.

A shielded-twj-sted-pair cable was selected to con-

nect the thermocouple to the oscilloscope. The cable

length was five feet and attenuation was negligible.

The shielding was connected to giround and the twisted

pair was connected to the differential amplifier (24').

The differential amplifier was selected for its

cornmon mode rejectj-on and its high cut-off frequency.

fn the direct-current coupled condition, the common mode

rejection ratio is l-0,000 to one. This al-Iowed rneasure-

ment of the thermocouple emf when the therrnocoupJ-e was

touching the stud at a potential of ten volts. The high

cut-off frequency (850 kilocycles per second) allowed

measurement of the temperature characteristics.

A typical temperature versus time trace is shown in

Figure B and the fol-l-owing terminology is used. Arc

time is the ti-me characteri-zed by loss of the tempera-

ture trace until the temperature becomes stable. Arc

time temperatures are near the vaporization temperature

of aluminum. Freeze time j-s the period between arc time

and the decreased cooling rate. Freeze time temperatures

are between the vaporization temperature and the freeze

point temperature.

The force measurernents were obtained by using strain

gages on the drop shaft and on the stud. The strain gages

were applied on opposite sides of the drop shaft and of
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Figure 6 lftrermocouple

Figure 7 Thermocouple after welding

10 millivolts
per centimeter

5 milliseconds per centimeter

Figure B. Temperature versus time oscilloscope trace
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the stud to cancel bending strains" The sLrain gages on

the drop shaft were connected to minimj-ze inductive pickup

and located above the drop-shaft alignrnent bracket" They

were BaLdwi-n-Lima-Hamilton SR4 foil strain gages type HFA

with a gage factor of 2.2!.L and resistance of 113.A!,2

ohms. 'Ihey were appi-ied with Eastman 910 cement and en-

capsulated with "Duco" cement. The stud strain gages were

never used during the welding process. The stud strain

gages were of the same manufacturer but of the forrned wire

variety, Type AF-7-1 with a gage factor of 2"OO!2 percent

and resistance of 119.01.3 ohms. These were applied

using fast drying SR4 cement and encapsulated with "Duco"

cement.

The strain gages were calibrated and the calibra-

tion curves are shown in Figure 9, p" 13. A universal

testlng machine (see Figure 2L, p. 27) was used to pro-

vide and measure the calibrating force. The resistance

of the strain gages was measured with a model 29L ',ESI,

bridge. The type HFA strain gage, and the strain gages

mounted on the stud are shown in Figure I0, p. 14.

The interconnection between the strain gages and

the oscilloscope was a shielded twisted-pair cable. The

cable length was eight feet and attenuation was neg-

Iigible. The shielding was connected to ground and the

twisted-pair was connected between the strain gage and

the differential amplifier. The circuit diagram is
shown in Figure Il, p" 15.
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Tektronix
D Unit
A.C.
Coupled
Di-f feren-
tial
trnput

Eigure II. Force Measurement Circuit Diagram

The strain-gage response tj-me was calculated from

measuremen-ts of the shunt capaci.tance, and the resistance

to ground was measured. The shunt capacitance of the

strain gage with the measurement cable attached was found

to be 900 picofarads. The rise time is simply the product

of resistance and capacitance and for the drop shaft meas-

urement system was calculated to be 200 nanoseconds. Since

the stud strain gages are much smalIer, the shunt capaci-

tance wi-lI be less, and the rise time will be less. The

resistance between the shaft (or stud) and the strain gages

was measured and found to be greater than thirty megohms.

The differential amplifier was in the AC coupled

position for the force measurements. In this coupling con-

dition the conunon mode rejection ratio j-s reduced to 600 to

one which doesn't constitute a problem since the insulation
to the shaft j-s 30 megotrms. The cut-of f frequency for

22-L/2
volts

Strain
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force measuremerits was 550 kilocycles per second at the

sensitivS-ty used "

A force versus time oscilloscope trace drawing is
shown in Figure L2, p. 18. When the force starts,
physicar contact between the stud and prate exj-sts and the
arc is extingui-shed. The point where the force starts is
the end of the arc time and the beginnj-ng of the freeze
time. some inductive pickup exists when the arc first
starts and when the arc is extinguished.

The system circuit diagram i_s shown in Figure 13,

p. 18- The oscirroscope was a Tektronix 55r dual beam.

The triggering circuit was a moder. r0B Bourns potentlom-

eter connected to a 22-L/2 volt battery with the ,'slider,'

serving as the triggering source. A battery was used to
suppry the strai-n gage current, since the ripple of stand-
ard power suppries caused 5 mirlivorts of noise. The

major noise problem was due to ground loops and inductj-ve
pickup- The ground loops were eriminated by connecti-ngr

the ground in a star fashion. rnductive pickup existed in
the strai-n gage measurements even though connections were

made in a cancellation manner. The force measurements

were basicalry the same with or without welding. High

frequency (r00 megacycres) noise existed on the thermo-

couple during arc time.
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RNS ISTANCE MEASUREMENTS

The circuit resistance was measured with a model 297.

ESI bridge as shown in Figure 14. The Ieads of the dis-
charge circuit (without the stainless steel resistor) were

measured as 3.81 milliohms. Measurement of the lead's
resistance, with 77,50O microfarads of electrolytic
capacitors connected, was 3.87 milliohms. AIl resistance

measurements were made with the capacitors connected in
the circuit. The measurement leads were wrapped and

soldered directly to the ends of the discharge-circuit
leads. The measurement leads had a constant resistance

which was subtracted from the bridge readings.

RESfDUAL STRESS MEASUREMENTS

Residual stress is defined as "Macroscopic stresses

that are set up within a metal as the result of non-

uniform plastic deformation. This deformation may be

caused by cold working or by drastic aradients of tempera-

ture incurred by quenching or welding" (2, p. L2). They

are sometimes ca1led "locked-up" stresses (3, p. 89-96),

and are caused by bending, plating, welding, forming,

machiningr, shot peening, and almost all metallurgical
treatments. There are many methods of detecting and

measurj-ng residual stresses, and they can be categori_zed

into the three broad fields of chemical, Iacquers, and
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Figure L2. Force versus time oscilloscope trace
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mechanical. The chemical methods are qualitative and

depend on the rate of reaction on stressed specimens. The

lacquers are al"so qualitative, to a degree, depending on

strain cracks in the racquered surface upon stress rerief.
The mechanical methods are quantative and depend on

measurements before and after stress relief.
The method of residual stress measurement was con-

ceived to satisfy the tough requirements of percussive

werding residual stress. Thermodynamic properties cause a

temperature gradient which is generarry hotter at the mass

center of the wel-d zone. The temperature coefficient of
expansion causes residual stresses. The stresses can be

detected by length measurements taken before and after
stress relief. The strains are related to stresses in
accordance with Hookes Law (21, p. 43) " The werd zone was

quite thj.n (one-harf to ten mirs), therefore saint venants

Principle (2L, p. 42) was considered in determJ-ning how

great an area should be investigated" An area approxj.-

mately one-thirty-second of an lnch on each side of the

weld zone was investigated. The stress relief used. was

sj-milar to the Kreitz method (3, p" 96) "

Residual stress measurements were made by using the

Tukon* tester to apply and measure a grid of microhardness

*wilson Mechanicar rnstrument company, Model L. R. TukonTester, Number Lr2O6.
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indentations placed on a diametrical slice (see Figure 16,

p. 22i. I'he first specimen diamet,rical- slice was prepared

by removing 100 mils from one sj-de and I00 mils from the

other by wet grinding. The second specimen diametrical

slice was prepared by alternately removing ten mils per

side until one hundred mils were removed from each side.

The general steps of preparation are shown j-n Fj-gure 15,

p. 2L. Both grids were 19 columns by 11 rows of micro-

hardness indentatj-ons as shown in Figure L7, p. 22. A

mi-crohardness indentati-on before and after stress relief
is shown in Figure IB, p. 22. If the diannetrical slice is
too thick, three-dimensional resj.dual stresses wiII cause

deformation of the microhardness indentations upon stress

relief. AIl measurements given are in terms of filar eye-

piece units where one mil equals approximately I50 fiLar
units (500X magnification) .

The microhardness indentati-on spacing was measured

five times over four arbitrarily chosen spaces identified
as A, B, C, D. Then the mean value was computed for each

spacing.
Space A

Ist. Measurement 946
2nd. Measurement 946
3rd. Measurement 945
4th. Measurement 944
5th. Measurement 944
Mean Val-ue 945

Space B

1004
1003
I003
1003
1002
1003

Space C Space D

1000 I0t9
TOOI IOIT
1000 1019
r00I t0l7
999 1020

1000.4 tol8.4
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Prepare 100
diametrical

mil

Glue (use Eastman 910)
top of stud to specimen
block, polish and etch

Appl.v
ness
grid

Microhard-
indentat ion
and measure

Remove specimen and
relieve stress usj-ng
the Kreitz method

Re-mount and
measure

Figure 15. Residual-stress specimen preparation
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SL$ure 15. 'llulcon tester

I[icrohardness indentation patt6$" f$W, .rli,*.i#

A microhardness indentation a) befor+
stress relief , b) after stresg reli.*rM*
note lack of change to microhardness''-' .

indentati-on 500X

F$gure 18.
:1ds$'*r
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The error of each measurement is assumed to be the

difference between eaqh individual measurement and its

mean. In order to remain on the conservative side the

largest observed error, L.6, was chosen. In any column of

ten spaces the probable error would be the error of

measurement times the square root of ten which equals

approximately 5.06. Since the change in length involves

two additions of ten measurements the error for strain

calculations should be 5.06 tj.mes the sguare root of two,

which equals 7.1.

The results of the residual stress calculati-ons are

shown in Fj-gures 19 and 20. The data and calculations are

in the appendix on pag:e 53" The least squares approxima-

tion calculations are on pagre 54 in the appendix. A

temperature difference between the center and the outsj-de

diameter (of the stud weld zone) was calculated to be 25O

degrees Centigrade. The calculation was made by dividing

the difference j-n straj-n (0.006) by the coefficient of

thermal expansion (2.4 x 1O-5) (2, p. 822).

TENSILE STRENGTH MEASUREMENTS

The tensile strength of the welded specimens was

measured on a *universal testing machine shown in

*Baldwin-Tate-Emery 60, 000-lb. Universal Hydraulj-c
Testing Machine.
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Figure 2L. The clamping f ixture shown in Fiqure 22 was

designed by Comstock and used to hold the specirnen during

the tensile test. AII tensile testing used a constant

loading rate of 1,000 pounds per mi-nute as monitored by

the R. F. Blanks l,oading rate device on a universal-

testing machine.

RXSULTS OF ORIGINAL DROP SHAFT MEASUREMENTS

A series of force versus time measurements were rnade

at varying drop heights as shown by the oscilloscope

traces of Figure 23, p. 28. A second seri-es of oscil-
Ioscope traces wetre made at various weights as shown in

f'igure 24, p" 29, 30.

The tensile strength versus resj-stance curve of

Figure 25, p. 31 was for: a specific force characteristic
and setting all other parameters at a fixed level. Due

to the multitude of force wave forms, the force wave of

Figure 24b was chosen for further analysis. The

capacitance and voltage were arbitrarily set at 77,500

microfarads and 150 volts respectivel.y. The data is on

page 57 of the appendix.
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Figure 2L. Unj-versal testing machine

F.igure 22. Clamping fixture for tensile testing
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236 1b,/cm

Shaft force
400 Lb/cm

Stud force-
236 Lb/cm

Shaft force
4OO Lb/cm

Stud force-
236 Lb/cm

Time-S ms,/cm
Figure 23a. Drop
height L/4 inch

Time-5 ms,1cm
Figure 23c. Drop
height 3/1 inch

Time-5
Figure
height

ms,/cm
23b. Drop
L/2 inch

Shaft force
4CC Lb/cm

Stud force-
236 Lb/cm

Time- 5 ms/crn
Pigure 23d. Drop
height I incl'r

Shaft force
400 Lb/cm

Stud force-
236 Lb/cm

Time-S mslcm
Flgure 23c. Drop
height L-3/B incjr

Figure 23. Force verslls time oscilloscope traces
for various dropping ireights of tl-re
drop sl-raft. Upper is shaft stra"in
gage; Iower is stud strair-r gage.
(weighted shaft 21.4 pounds)
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Shaft force-
4C0 Lb/cm

Stud force-
236 lb,/cm

Time - 0.5 ms,/cm

Figure 24a. Weighted shaft 9.I pounds

Shaft force-
400 Lb/cm

Stud force:
236 lb,/cm

Shaft force-
400 lb,/cm

Stud force*
236 Lb/cm

Time I .0 ms,/cm

Figure 24b. Weighted shaft L9.7 pounds

Time 2.0 ms/cm
Figure 24c. Weighted shaft 24.7 pounds

Force vs time oscilloscope traces
for various weights
(Dropping heiqht L4/e inches)

Figure 24 a-o.
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Shaft force-
400 Lb/cm

Stud force-
236 Lblcm

Figure 24d

Shaft force-
400 lblcm

Stud force-
236 Lb/cm

Figure 24 d-e

Time 2 ms/cm

weighted shaft 34.7 Pounds

Figure 24e Weighted shaft 39.7 Pounds

Force vs time oscil
for various weights
(Dropping height

Ioscope traces

L-3/B inches)

Time 2 ms/cm
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Figure 26, p. 34 shows a typical temperature versus

time oscilloscope trace. It is analyzed in the following

manner:

t. The arc starts, and the temperature trace is lost
due to noi-se.

2. The arc is extinguished, and temperature trace
reappears at a temperature near the vaporization
point of aluminum. This is the start of the
freeze tj-me perj-od.

3 " The thermocouple is being forced into a cooler
region of the molten aluminum by the force
applied by the stud.

4. The force has reached a maximum value and is
starting to decrease.

5. The force is zero and exponential decay of
temper:ature is starting.

6. The molten metal j-s freezi;rg and the cool-ing
rate i-s decreased. This is the end of the
freeze time period.

7. The metal is again a solid and exponential
decay of temperature is agaj-n observed.

Figure 27, p. 34 shows the temperature versus time

relationship near the 25.6 milliohrn resistance point

where freeze times of either 2.5 milliseconds or 20 mil-

Iiseconds were obtained. This figure is a long freeze

time case and is analyzed j-n the following manners

l. The arc starts, causing r:.f" interference and
Ioss of trace.

2. The arc is extinguished and force j-s applied,
temperature drops to near the freeze point"
This is the start of the freeze time period.
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3. Force removed and the thermocouple is removed
from the melt (thermocouple probably separated).
A broken thermocouple with both wires in a
molten pool works satisfact.orily.

4. The thermocouple is back in the melt and the
temperature is rising due to the current flowing
in a reduced cross-sectional area.

5. The second force appl j-cation increases the
cross-sectional area and the materi-al- cools "
The freeze point is not shown on this trace, but
is estimated to be about 20 milliseconds.

Maintaining the parameter settings used in obtaining

the tensile strength versus resistance relationship, data

were obtained for the freeze tlme versus resistance rela-

tionship shown in Figure 28. It is to be noted that the

freeze times qorresponding to 25.6 milliohms resistance

were either about 2.5 milliseconds or 20 milliseconds and

values between these two limits were not obtained. Since

the force waveform was affecting the freeze time, a lin-

earized freeze time versus resistance was approximated as

shown by the straight line of F5-gure 28 and is based on

the following.

The short freeze times (less than 3 milliseconds)

are dependent on the energy put into the weld zone during

the arc period. The freeze times corresponding to

resistance values between 25.6 milliohms and 16 milliohms

are dependent on the arc period energy plus the tensile

force period energy, and are therefore dependent on the

force relationships. The f,reeze times corresponding to
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Thermocouplr
EMF
20 mr,/cm

Time 5 ms/cm

Figure 26. 1'lzpical temperatLire \rerslis
t irne cLlrve

Thernocor.lpli
EMF
I0 inr,,/cni

2 ms/cm

f
J

Time

.jEstimated/
Freeze Point

Figure 27 Tenlperat,r:re \rersLls time cLir\re
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resistance values less than 16 m.ill-iohms are apparently

not af fect.ed by the tensive force " More met.al was melted

during the arc period resul.ting in adequate conductivity

to limit energy added during the tensile force period.

The tensile strength versus linearized freeze time is
shown in Figure 29, p. 37. The tensile strength versus

lj-nearized freeze time is necessary to have a single

valued functj-on for tensile strength. The values of

tensile strength were found by transforming a freeze time

to a value of resi.stance (figure 28) and checking the

tensile strength corresponding to that resistance on

Figure 25 "

DISCUSSION OF ORIGINAL DROP SHAFT RESULTS

Any freeze time (freeze time starts at arc out and

ends at the freeze point) occurring during a period of

tensive force results in weak welds " A wide variation of
tensile strength exj-sts for welds made at 25.6 milliohms

resistance. This resistance value corresponds to a

linearized freeze time of approximately three milliseconds.

Three milliseconds is the start of the tensi-ve force as

shown on Figure 24b. A linearized freeze tj-me (three

milliseconds) corresponding to this value of resistance

is a long freeze time (20 milliseconds). The freeze time

may be long enough to cause overaging and hence weaker
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Tensile
strength-
pounds

100 Based on lesser values
tensile strengths on
Figure 25

of

012'3456789
Linearized Free ze Time'*ni1li-seconds

Tensile strength versus linearized
freeze time
(voltage 150 volts, capacitance O.0775
farads, weight - L9.7 pounds,
drop height - L-3/B inches)

10

Figure 29.
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welds. If the tensive force occurs before the freeze

tirne, it is likely that the stud will rise slightly from

the plate, and form a reduced diameter rnolten weld zone.

The current through this reduced diameter weld zone may

add additional heat energy and raise the temperature as

shown in Figure 27. This will cause a thicker weld zone

which is characteristically weaker.

The force wave reflections are caused by discontin-

uities and poor coupli-ng with the aj-r. The wave ref 1ec-

tions could have been reduced by using a high-damping-

factor material" T'he force wave reflecti-ons are analo-

gous to voltage wave reflections on a short circuited

transrnission Iine (1, p. 205). The drop shaft had step

di-scontinuities where the shaft changed from one-half

inch diameter to three-fourths inch diarneter: and where it

changed from three-foi.lrths inch diameter to the three

inch diameter lead shot contai-ner" The last and rnost

severe discontinuity existed where the lead shot con-

tainer coupled with the air. Al-I of the above dj-scon-

tinuitj-es led to force wave reflections on the drop

shaft. The drop shaft is shown .j-n Figure 30. The drop

shaft used was placed in the alignment bracket as shown

in Fj-gure 31. This caused a slight velocity limiting

condition due to the trapped air which escaped th.rough

the bearing cJ-earance space.



39

Figure 30. Original drop shaft and hardware

Weight

Alignment
Bracket

Figure 31. Drop shaft in the alignment bracket
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Metallurgical relationships were also observed in a

general sense. Overaging occurred if the temperature

remained too high for too long a peri-od. If the weld zone

was too thick, crackj-ng of the weld zone resulted. In

specj-mens where both thick and thin portions of the weld

zone occurred, the thick portion would be cracked and the

thin would not be cracked. The cracks were usually perpen*

dicular to the plate (across the weld zone) but cracking,

parallel to the plate, occurred in very thick sections
(Thin was considered less than three mils; thick, greater

than three mils; and very thick, greater than eight mils).
The cracking was due to the thermat coefficient of
expansion and solidificatj-on shrinkage (2, p. I3, B1O).

DESIGN OF EXPONENTIAL DROP SHAFT

An exponentj-a1 drop shaft was desJ-gned to eliminate
wave reflections observed in Figure 24, p. 29, 30. The

existence of a tensive force wave with the original drop

shaft, at the time of freeze, resulted in poor quality
welds. The design criteria were based on smooth transi-
tions, high damping and coupling of the energy into the

air. The exponential drop shaft is shown in Figure 32

and the drawing is on page 59 of the appendj-x.

Mild steel was serected for the drop shaft materiar.
Thj-s was readily avaj-Iable and has a much higher damping

factor than the brass previously used (16, ch. B) (2, p.9L0).
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'-
Figure 32.

I t
)

I

Exponential drop shaft

Nickel and grey east iron have higher damping factors,
but nj-ckel was not readily available and grey cast j.ron

is brittle. Mild st-eel has a higher modul.rrs :f elastic-
ity than brass and results in a greater magnitude of
force for a shorter period of time.

Smooth flowing transitions are reguired to help
eriminate wave refrectrons. Thrs was considered in making

the drop shaft transition from chree-fourths inch to one-

harf inch and for the stud plunger which fits between the

stud and the one-half inctr diameter section of the drop

shaft.

Coupling of the energy into the air wae the most im-
portant consideration, since the main-refrection period

shbwed a discontinuity at the end of the original shaft.
The old victrola phonographs, automobile horns, and musical

wina instruments probably are the most efficient examples

of coupling energy into the air, therefore an exponential
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type horn was designed into the top of the new drop shaft.

Since the maximum value of force should be variable,

it was conceived that lead shot with its inherent high

damping could be satisfactorily added to the horn" This

probably will not affect the coupling to the air signifi-

cantly since the air between the shot will sti1l be placed

i-n motion.

The trapped air was relieved to reduce velocJ-ty

limiting. After the exponentlal drop shaft was fitted and

aligned in the bracket, four holes (one-sixteenth diameter)

were drilled just above the alignment bracket's one-half
j-nch bearing. This was necessary since the clearance of

the new shaft was less than two mi-ls on the diameter.

RESULTS OF THE EXPONENTIAIJ DROP SIIAFT MEASUREMENTS

Force versus ti-me osciJ-lograrns for varying weight

are shown in Fj-gure 33. No wave ref lections were observed,

just the force impulse shown. This type of force trace

should result in a thin weld zone provided the stud tip

design is such that the solid surfaces of the stud and

plate nearly mate after the arc is extinguished.

A few welds were tensile tested and the data is on

page 60 of the appendix. Welding of dissimilar metal

conrbinations were made using the same tj-p design. lVhen

brass or steel studs were used, the tip could not be



A1+.1

Stud force-
22L Lb/cm

Figure 33a

Stud foree-
221 lb/cm

Figure 33b,

Stud force-
222 1blcm

Fi-gure 33c.

Figure 33 a-c.

Time 0.5 ms,/cm

Dropweight-Spounds

Tine
Drop weight

mslcm
pounds

- 0.5
- 9.2

Time 0.5 ms/cm
Drop weight I1.5 pounds

Force versus time for exponential drop
shaft, with various weights.
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Stud force-
226 lb,/cm

Figure 33d,

Stud forqe-
226 lb,/cm

Figure 33e.

Stud force-
226 lb./cm

['igure 33f .

Figure 33 d-f.

Time - 0.5 ms/cm
Drop weight - I5.3 pounds

Time
Drop weight

0.5 ms,/cm

36.2 pounds

Time
Drop weight

0. 5 ms,/cm

57 .7 ponnds

Force versus time for exponential
drop shaft with varj-ous wei-ghts
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melted in the process and incomplete weld area was obtained.

The results of dis similar welding are outlined j-n Table I.

Possible Not Likely
Brass to Copper 6061-T6 Alumj-num to Copper
Brass to Steel 6061-T6 Aluminum to Brass
Steel to Copper 6061-T6 Aluminum to Steel

Table I. Dissimilar-meta1 welding summary

DISCUSSION OF EXPONENTIAL DROP SHAFT RESULTS

The exponential drop shaft did eliminate wave reflec-
tions, but the welds were filted with voids believed to be

due to high current flow after the arc was extinguished.

The force wave forms were similar as wei-ght was added and

this is an improvement over the original drop shaft.

While preparlng for Comstock's experiment, maximum weld

strength resulted using the weight and height combina-

tions of Figure 24e, page 30. This indicates that a

maximum percussive force is needed and a constant force,

after the percussive force, is needed during the freeze

time.
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CONCT"{TSTONS

Tensile strength is a primary function of force and

freeze time. The force j-s a functj-on of weight, height

and drop shaft configuration, The temperature chanacter-

istics are a function of capacitance, voltage, and circuj-t

resistance. Velocity was not considered but velocity and

the stud-tip length control the arc time and hence the

amount of energy for any partj-cular voltage, capacitance,

and resistance setting.

The oscilloscope measurements of force and tempera-

ture are very useful. The measurements allow observation

of the force during freeze time. Temperature measurements

of 2100 degrees centigrade occurring for less than a mil-
Iisecond are uncommon but have the same characteristi-cs

as slower measurements.

The eliminatj-on of process variables was very

necessary to observe the force and temperature relation-
ships. The magnetic shielding of the weld zone resulted

in a much broader operating range than observed before.

The resistance control allowed repeatable results. The

oxide layer is still a problem, but polishing with emery

paper may remove this variable.

The wave reflectj-ons on the drop shaft cause a
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variable force wave with weight and can be eliminated by

using proper design criteria. The exponential drop shaft

eliminated wave reflections but was not characterized by

a constant force following the percussive force.
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RNCOMMENDATIONS

Design a force system which will allow a high per-

cussive force to mate the solidus surfaces of the stud and

plate and provide a constant force dur j-ng freeze tirne.

The exponential drop shaft would provi-de this character-

istic i-f enough weight (200 pounds) were added, but thls

is impractical. A force system using hydraulic or pneu-

matics would be practical and a proposed design is shown

on page 6I of the appendix. The proposed design would use

high damping materials, provide coupli.ng to the fluid, and

have an accumulator buiLt into the force cylinder.

Build a resistor that would be temperature and con-

tact insensitive. Stainless steel is a high resist,ance

material (resistivity about 60 times copper's) and works

nicely, except during a high welding rate it heats and

changes resistance. By placing the resistor in an oil

filled container (temperature controlled by heating) the

resistor would be temperature insensitive. BoIt terminals

to the resistor at one-half milliohm steps and bring the

terminals through the contaj-ner in a manner similar to a

capacj-tor terminal. AII bolted connections should be

silvered to reduce contact resistance. This would pro-

vj-de a temperature and contact insensitive resistor.
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Tungsten Five Percent Versus Tungsten 26 Fercent Rlrenium

Temperature,/emf Data

Temperature
Degrees Centi-grade

L7 "78
93. 33

204.44
3r5 .56
426.67
537 .78
648.89
760.00
871. rl
982 .22

1093.30
L204.4
13r5.6
L426.7
1537 . B
L648.9
1760.00
187r. I
L9B2 .2
2093 .3
2204.4
2315.5

Manufactured by:

EMF
MiIlivoIts

0.
L.25l-
3.043
5.044
7.I30
9 .259

1r .4r0
13.561
L5.676
L7.747
L9.749
2L -125
23.632
25.428
27 -LOO
28.832
30.47L
3I.905
33.354
34.587
35 .919
36 .869

Hoskins Manufacturing Company
4445 Lawton Avenue
Detroit 8, Michigan
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Resj-dual Slress Ivleasurement

FIRST SPECIMEN - WELD ZONE DATA

Column WeId Zone T'hickness eolurnn Weld Zone Thickness
No. No"
1 s67 11 599
2 456 L2 567
3 5ss 13 688
4 5tI L4 7L6
5 724 15
6 7BI 16
7 BIO L7 876
B 775 18 558
9 727 1.9 530

IO 7L2

FIRST SPECXMEN - SPACING DATA
and STRAIN CALCULAT']TONS

Measurements between indentations of the columns were

summed before and after: stress relief . OnIy the sumrna-

tions are drspl.ayed, since the individual, measurements

would be quite volurninous.
Column Summation Summation Change in

No. before stress after stress length due to
relief relief stress relief

LO LI LO-II

Strain

ro-!l
LO

0 .001655
-0.000416
0.00408

-0.00175
0.000615

-0.000206
0.000412
0.00134
0 " 00151

+0.00I02
-0.002683
-0.00s83
-0.001915
-0.00308
-0.00381
-0.00102
-0.00369
0.000208

-0.00253

L 9664
2 9626
3 9562
4 9710
5 9755
6 9709
7 9708
B 9706
9 9948

10 9822
ll 9686
L2 9790
13 9924
L4 9',7 48
15 9449
16 9BOB
L7 976L
IB 9639
19 9880

9648
96 30
9523
97 27
97 50
97 LL
97 04
9693
993 3
982L
97 L2
9847
9943
9',178
9485
9BIB
9V 97
9637
9905

16
*4
39

-L7
+6
-2

4
I3
l5
+l

-26
-57
-19
-30
-36
-10
-36

2

-25
Figure 19 depi-cts this data graphically
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Least Squares Approximation - First Specimen

only the coefficients are tabulated (18, p, 242-249)

and are functions of the location given by the column

numbers. The following is for strain and must be

divided by 1000 to yield correct results:

So = 19, SI = I90, 52 = 2470, S3 = 36,100;

54 = 562,666, 55 = 9,L33,300, 56 = 152,455,8I0;

vo = t6-09, vI = -3o2.71-8i vz= -4775.268t

v: - -7 3,27 2.29

So ao + 51 "l- * SZ u2 + Sra, = Vo

St ao + S2"t + S3a2 + Sna, = VI

S2 ao + S3.I + S4a2 + S5a3 = Vz

S: ao + 64.I + S5a2 + SUan = V3

Solving the above for do, "1, ^2, "3 yields the

following approximate solution for strain:

Strain = (-0.954 + L,23r *O .L92r2 + O.OQ677r3),Zf OOO

r Strai-n
I .00009
3 .00119
6 .OOO97 4
9 -.00050I

L2 -.OO243
r5 -.00191
18 *.000s85
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Residual Slress Ueasurement

SECOND SPECIMEN - WELD ZOI$E DATA

Zone ThicknessColumn Weld
No.

Outside Diam.
I
2
3

4
5
6
7
B
9

10
11

750
500
400
4AO
360
390
425
495
600
670
760
7lo

SECOND
and

Column Weld Zone Thickness
No.
L2 670
13 550
L4 500
15 5l_0
16 46A
L7 540
18 570
19 430

Center of Stud 2BO

SPECIMEN - SPACING DATA
STRA]N CALCULATIONS

Measurements between i-ndentations of the colurnns were
summed before and after stress nelief" OnIy the sununa*

tions are displayed, si.nce the individual measureme,nts

woul-d be quite voluminous.
Column Summation Summation

No. before stress after stress

I
2
3
4
5
6
7
B
9

IO
t1
L2
I3
L4
15
t6
L7
1B
I9

relie f
LO

9943
9984
9854
997 0
9925
9A40

LOL22
9BB9

10034
r0015
10039
10019
l00r 5
10054
10048
1007 5
10068
1007 3
1005 2

Figure

relief
LI

9945
10003

9884
9985
9A94
9858

IOI2O
9892

100r8
10025
100 36
I0006

9996
LOO44
r0036
LOOT 2
10043
10075
1005 3

Change in
Iength due to
st-ress relief

LO*L1
-2

-r9
*30
*15

31
-1.8

2

-3
16

-10
3

I3
t9
10
L2

3
25
-2
-t

Strain

LQ:r-,!
LO

-0.000201
-0 " 00I9I
-0 " 00304
-0 " 0015r

0 " 00312
-0.00183
0.000197

-0.000304
0.00155

-0.000997
0.000299
0 " 00130
0.00189
0.000995
0.00119
0.000298

-o.oo24a
-0.000199
-0.0000995

20 depicts this data graphically
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I,east Squares Approximation - gecond Specimen

The values for So, Sl, SO are the same as the

first specimen, and Vo = 3.2285, VI = 105,05; VZ = 1670,0

and V, = 24,948.

Solving the san@ set of equations as before, with

the new values of V1, the following approxipate solution

for strain is obtained:

srrain = (-.263 - .769r + .I31r2 .0048913)/(LOOO)

r St,rain
t -.000906
3 -.001523
6 -.OOL2L7
9 -.000138

L2 +.000925
15 +.00I173
IB -.000179
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Tenslle Strength versus Resi-stance Data

Voltage = I50

Weight = L9.7

Resi-stance-
mi-Iliohms

r5.96
I5 .96
l-6.67
L6.67
18. I6
IB .48
18.53
19 .60
19.73
20 .35
20"35
20,87
22.t0
22.45
22 .58
22.58
22.62
22.65
22.72
22.75
23 .26
23.4L
23.90
23.95
24.L9
24.44
24.48
24.82

Capacitance

Drop Height

77,5OO microfarads,

L-3/B inches.

L940
L790
t435
1805
l5r0
1900
1900
I 340
l880
I930
r95 5
IBOO
L940
L77 0
L945
I930
1860
1690
lB 30
L925
1635
L7 40
L265
L440
1090

875
3rs

volts,
pounds,

Tensile
Strength-
pounds

1 705
]-BIO
1655
1750
1690
1850
1855
19Is
1845
l_565
IBB5
IB7 5
1890
IB65
lBBO
L925
1855
16B0
1915
lB40
1855
1900
1865
1845
1920
1885
l-57 5
1655

25.00
25 .2L
25 "5L
25 "5L
25 "56
25.67
25.67
25.70
25 "82
25 "BB
25.89
25.9I
25.93
25.95
26.02
26.09
26.47
26.52
27.23
27 .26
27.75
27 .84
28.28
29.68
30.90
32.74
34 -L4

Resistance- Tensile
milliohms Strength-

pounds
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Freeze Time

Voltage = I50 vo1ts,

Weight = L9 .7 pounds,

versus Resistance Data

Capac j-tance

Drop Height

77,5O0 microfarads,

L-3/B inches.

Resistance

r5 .96
L7 .L6
t8 .99
20.65
22.5s
24 -L6
25.67
25.70
26.69
28.75
31.00
30.96
31.07

Freeze Ti-me

9ms
11 ms
14 ms
18 ms
15 ms
9 rns

20 ms
18 ms
2.8 ms
I.9 ms
2-4 ms
2.0 ms
1"4 ms
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L2" top diameter
600 Lone bolted

with 6 #10 machine
screws to the shaft

3. 30

2.56

2.OO

1.56

L .23

0.95

o.748
Notes: 1.

z.

3.

4.

AI1 dimensions
are i-nches
y'marked surfaces
are finished
x marked surfaces
are rough
Materlal-mild
steel

o.748

o.498

0"5

1.0

r.0

1.0

r"0

r"0

r.0

1"0

r"0

8.0

o.498

Lead shot
container

Exponentially-shaped Drop Shaft Design



Height-
i-nches

t.0
I

il

I

il

il

lt

il

il

I

I

I

I

I

I

il

I

I

I

I

il

I

It

I

lt

Weight-
pounds

42.7
il

I

It

il

I

I

I

I

lt

26.2
3L .2
36 .2
4L.2
46 .2
5L .2
57 -7
4L.2

I

il

il

Voltage-
volts

130
L40
L45
1s0
15s
160
L70
180
r90
200
140

t0

ll

il

fi

ll

il

il

il

I

lt

il

il

I

il

Capacitance-
farads

o .077 5
lt

ll

il

lt

ll

I

I

I

I

I

It

il

I

r

lt

lt

II

tl

il

il

il

il

lt

I

Resistance-
milliohms

L8.77
It

I

il

il

il

It

tt

I

tl

I

I

It

il

il

il

il

19.00
L7 .92
L5.77
19.9I
2L.7
L7 .O7
17 .03
17 .00

60

Tensile
Strength*
pounds

L620
LB42
L625
),77 0
Is45
r605
17 35
L775
L7 45
r700
I390
L760
L7 65
lB70
L625
L470
I7B5
L625
L77 0
LB40
LL25
L240
L67 5
1905
LB25

EXFONENTIAL DROP SHAFT DATA

IN

il

I

tl
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FIuid

Fluid

Accumulator
Diaphragrn

Accurnulator
Diaphraqm

Proposed I'orce System
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Original Drop Shaft Resonant Frequency and Wave Period
Calculations.

A calculation for the brass shaft (assuming one end

fixed and neglecting the shot container) indicated a

resonant frequency of 6000 cycles per second. Since the

shaft is not connected solidly to the welded stud

(collet connection) , the period for the wave to t,ravel

to the discontinuity and back to the stud is more

realistic. The periods for various force system corTr-

ponents is calculated below.

*Brass Shaft Period = 3 feet .26 mill'i-
= seconds

Aluminum Shot Container Period =

4 feet = .26 milliseconds

Hypothetical Lead Column Period =

4 feet = .6 milliseconds

*Approximate velocities were used (7, p2597).

Due to unavailability of velocities for lead shot,

actual system period calculations were not performed.

However, it is to be noted in Figure 24 that the period

becomes Ionger as more shot is added.




