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INTRODUCTION

The purpose of this report is to provide the designer or the
materials encinee. with a general review of what is currently known
about the effects of high rates of loading on the strength of metals
and alloys., The information is presented in the form of charts which
show the strain rate and temperature regions in which data are available
for each of “he 18 metals cr alloy classes considered. References to
the souvce of the data are shown on the charts,

Along with each chart is a narrative discussion of the general trends
of the data for *he material considered. The intent of this discussion
is not to provide actual design data or to completely summarize the
results available, It is only to present general trends and areas of
agreement or disagreement among the various references. Since data on
the dynamic behavior of materials can be obtained in a number of different
ways and under greatly varying conditions it is the opinion of the author
that presentation of design data in a summary report of this type can
be misleading and dangerous. To include all of the conditions which may
affect the usefulness of the data referenced for design purposes would
be prohibitively time consuning and would Serve no real purpose. The
best source of any data which will be used for actual design purposes
is the original work in which the data was published.

An important consideratisn in using any of the data referenced in

this report is the fact tnat t™e strain rate sensitivity of any material
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can be greatly affected by heat tceatment, microstructure and cold working.
As an example of this, the strain rate sensitivity of a 4340 ailoy steel

in the quenched and tempered condition can be significantly affected by
whether the microstructure is 100 percent martensite or a mixture of
martensite and bainite. Therefore, in using any of these data in a critical
design application the designer must be sure that the material used in

his structure is the same as that used to obtain the test data,

The list of references used for this survey is believed to be as
complete as possible in view of the limited time and funds available.
However, there are undoubtedly a number of publications that should have
been included and were overlooked. If any reader is aware of such
publications the author would appreciate hearing of them since the intention
is to update this report at some later date,

Papers or reports of a primarily theoretical nature that contain
little or no original experimental data have been intentionally omitted
from this review. ! is not the intent of this work to review all of the
many theoretical approaches to the understanding of materials at high
rates of strain. This is not intended to diminish the importance of such
work but it is not considered as being within the scope of this review,

In order to facilitate the addition of references as they become
available, the list of references for this survey are arranged acccrd.ng
to the first letter of the last name of the first named author. They
are identified by this lette~ followed by a number which originally repre-

sented the alphabetical order of the authors. However, as references
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were added, no attempt was made to maintair sn alphabetical order within
a group of references of the same code letwwy,

In acdition to the references used in thz discussion of the individual
materials, there are several goud suvvers on high strain rat2? vahavior
of metals that have been previmi»iv published. Most of the information
contained in these surva) - ns$ bexs considered in ari:ving 2t the general
conclusions given in this rsport.

Tr~ most complet: and ruryent surv:ys ar: references El, G7 and L2,
Ref:rence G/ contains a very .o wplete review or steeles and considers
low, intermediate and higi v.rengtn sceils., Reference L2 covers all
materials but most of the results given are for pure metals, aluminum
alloys and mild steels. Reference El considers the combined effect of

strain rate and temperature on a: extremely wide variety of materials

and presents rather complete summaries of the data from all of the

references used.
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IRON BASED MATERIALS

High Purity and Low Carbon Iron (<0.03%C)

Roor temperature results are available for high purity iron,

"Armco'' and Ferrovac E" irons and a special C.15% Ti alloy for strain

rates ranging from 1074 to 2x103 sec™!. The results are all quite

similar showing a linear increase in strength with logarithmic strain

rate up to about 10 sec”l. The yield strength increases from about

10 ks1 to 30 ksi over this range. At higher rates a more rapid
increase s fcuna, The {low stress at various strain values follows

tne same trend as the yield strength except for the annealed high

O TH [T TN R W TP

purity iron at large strains (10-15%). For the latter casc this

1

I

material is rate independent up to a strain rate of 1 sec™" and

Aol el ly

strongly rate sensitive at higher rates.
Results are also available at low temperatures to -195 C, With
decreasing temperature the strength increas2s considerably while the

rate sensitivity decr2ases. At -195 C the '"static" yield strength

is about 100 ksi and increase: to 120 ksi at a strain rate of 10 sec-l.
At elevated temperatures the only available results are for Ferrovac E
in the very high strain rate region (0.2 x 103 to 6 x 103 sec'l). Above ' j
1.5 x 103 sec "1 a linear relationship between flow stress znd strain

rate is found. Elevated temperatures up tc 500 T (930F) result in a

decrease in the slope of this reiationship so that the relative strength

-1

increase for . strain ratc increase from 1.5 x 10° sec remains essentially

constant.
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Special conditions studied are effects of neutron irradiation (C4)

and of hydrostatic pressure (Rl) and strain rate change effects (85).
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P'ain Carbon Steels (»0.03%C)

There are over 14 references ~ontaining data on this material at
room temperat.ire. All of these show this material to be highly rate
sensitive at room temperature in the annealed condition. Since
this class of raterials shows a distinct yield point instability
phenomenon, it exhibits ocoth an upper and lower yield strength,
It also exhibits a delayed yield phenomenon which causes the upper
yileld strength to be more rate sensitive than the lower yield
strength. The lower yield strength is a linear function of
logarithmic strain rate from about 1072 to 103 sec”l. A 100%
increase in strengzth is generally -~sund over this range. At strain
rates below 10°2 this material is essentially rate insensitive.
Above about 5 x 107 a significant increase in rate sensitivity to
a linear relationship is reported. The upper yield strength is a
power law function of strain rate for values exceeding 1073, A
100% increase is found at a strain rate of about 10 sec™l, The
upper limit of this power laww relationship is not known due to the
experimental difficulties in meacuring the upper yield strength
at very high rates, Results for flow stress at various strain
velues follow the same trends as the lower yield strength but
with decreasing rcate sensitivity at higher strain values,

The »ffewis of vlevated 2r? 1ow tempecatures o1 the rate

sensitivity < this ruterial have bern studied quite extersively
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by severa) investigators. The effect of increasing temperature

; is to slightly increase the siospe of the yield stress-strain
rate curve on a log-log basis). However, the strain rate dividing the
; rate sensitive and insensitive regions is significantly increased,
% Increasing the temperature to 600F (590k) increases this transition .
f stralin rate by 3 orders of magnitude, For certain combinctions of material,
temp=rature and strain the flow stress may show a negative rate sensitivity
(decreasing flow stress with increasing strain rate) in the intermediate
sLrainh rete range,

1he effects ot decreasing tempevature are opposite to those given

above for increasing temperature.

Most of the available results are for annealed material. Work

o diadh o uaied

hardening decreases the ratc sensitivity in the intermediate strain

3
3

rate region, and increases the strain rate dividing the rate sensitive
1
and insensitive regions, Elevated r:mperature may result in a slight
negative rate censitivity for cold worked steels,
Other conditions considered are grain size effects (KS), biaxial E
1
loading fL1) and delay time effects (R4).
]
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Jow Alloy Steels (4340 And Similer)

This class of materials gererilly shows wer: liltlie surain
rate sensitivity both at rc.am ctemperature and at clevited tegperatures
in their range of u:zable operating temperature., Howaver, they do
exhibit a region of rate sensitivity af strain rates e¢xceuvding some
transition rate which ranges from 1.0 to 100 sei-1 depending
on alloy content, heat treatmert and grain size, Fin: grained
martensitic material shows the highest value oy this transition
strain rate, Course grained martensite and tairite have progressively
lower transition rates. The effect of elevatved terperature is to
shift tris transi.jon rate to hign:r values, a: wilii mild steels,

At temperatures in the hot wrrking range {900 to 1207C) the
flow stress at strain valves ranging from 5 to 70% increases
significantiy with strain rate., These increases range from S0 to
100% for a st:ain rate of 100 sec™! over that for 1.5 sec~l,

At static strain rates, most alloy steels exhibift a sharp
"knee' in the yield strength-temperature curve with the strength
decreasing very rapidly with temperatures above this point., The
temperature associated with this ""kuee" ranges from about 800 to 1200 F
depending on alloy content. At a temperature just below this '"knee"
an inverse strain rate sensitivity hus been tound for several alloys.

This can result in a decrease in strength of s much as 20% at a

strain rate of about 10 sec™l. This can be attributed to strain aging

ARV | VI R, Y T CPF'H']'QQ!TV"“—‘!‘W; IRl RETEE . o b
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effects or to a general class of metallurgicei phencmena referred
to as structural deformatioral instability. This «ill be further

discussed under aluminum alloys.
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Tocl Steels

The strain rate sensitivity of the tool steels for which
information is available is similar to that of the low glloy steels.
At room tempersture they are rate insensitive up to some transition
strain rate above which they may show some rate sensitivity,
Increasing temperature increases the transition rate for temperatures
up to about 1000F. Above this an increasing rate sensitivity is
found over the entire range of strain rates of interest. In th:
hot working temperature range the results are essentialiy the

same as for alloy steels except that the stress levels are higher,




(,295) 3LV

o .

¥ Nivdls

o . ol ol 1 ol ol
- £ « ~ ad 00~ 5o2-
&. UC
] - . 1,
— , 4 \.\M °
(-H)__
L 002
e --Ilm ﬁ\vf 00§
(95 SS ._mmwa -foor
‘C CIOWH3IHL'MON-0HHD)
) oooj 009
(1331S w_S ﬁ -
JT . Joos
T - — 00s|
_.gw\-»m,-ﬁw! —
P -ooo0i
- > 0002
(SSHI--81)210 \mv‘ s -r!-.ilL_ ooz
%%.G< 3@
“ ...... ) OOmNI 00%I
__
| $7331S 100l |
-|||_ . T i 000¢ Uoom._
P

IYNLVHIINIL |,




e

Stainless Steels

The stainless steels that have been studied sre generally
rate insensitive at room tempevature for all strain rates reported.
At temperatures up to about 1J00F they remain rate ins.nsitive or
possibly show a slight negative rate sensitivity in the 400 to
600 F range. At temperatures above 10C0 F the static strength

decreases rapidly and the material becomes increasingly rate

sensitive,
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Maraging Steels

There is a limited amount of date evailable on maraging

steels, Room temperature results show a linear increase in yield

strength with logarithmic strain rate in the range of strsin

rates from 10-4 to 10 sec-l. The 18% Ni-300 grade material shows

a 10% increase in strength over this range and the 250 grade

shows a 5% increase. The difference between yield and tensile strength

is essentially constant or may decrease slightly at higher rates.

At low temperatures the strain rate sensitivity is about the same as

at room temperature,

At eclevated temperatures there is a disagreement between

the two available refirences. Ref . H4 spows the same rate sensitivity

at temperatures up to 900 F as at room temperature. Ref. K4 shows

a decreasing rate sensitivity with increasing temperature and an

inverse sensitivity at 600 F. This results in a decrease in

yield strength of about 5% for an increase in strain rate from

10-4 to 5.0 sec™). This difference may be due to slight differences

in the gging treatment or in heating rate and time at temperature,
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ALUMINUM BASED MATERIAIS

Pure Aluminum Including :100 Grade

Data on pure aluminum from 12 references were erzi..ned and
general agreement of all of the references wes fcund, At room
temperature an approximately linear increase in tlow stress with
logarithmic str.in vrate was reported although some investigators
reported an increase in the slope of the stress-stcrain rate curve

at strain rates ex-eeding 100 sec'l.

The inciease in “low stress

with an increase in strain rate from 10-3 to 10° sec-! is

generally about 15 to 20%. The strain rate sensitivity appears to

be only slightly affected by plastic strain and by impurity content,
The effect of increasing temperature is a slight increase

in the siope of the flow stress-log straii. rate curve, Since the

static strengtu decreases rapidly with temperzture this results in

a significant incresse in relative rate seasitivity. At 750 F

the flow str2ss increases by a factor of 3 with a strain rate increase

from 1073 to 103 sec™!,

The effect of strain rate changes are considered in references

F2 and N2.

19
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6061 Aluminum Alloy

All available data on this material is for the T6 or fully
aged condition, For strain rates less than 10 sec”! &t room
temperature this material is almost completely rate iusensitive,
At higher strain rates some investigators (A3 and H4) have reported
a rate sensitive region with a 20% increase in strength between 10
and 103 sec-l. oOther investigators (M4 and G5) have found no rate
sensitivity up to a strain rate of 10% sec-1,

The only dara on this material at elevated temperatures is in
reference H3 (samc data as H4). This zives a significant positive
rate sensitivity ax 500 and 700 F and at strain rates from 1 to
102 sec-l, At 700 F the tensile strength increases from 10 to

35 ksi over this strain rate range.

21




o T o e R R

VjeTTP A0 Q NIV OLD

Oi

ol

L.

PN 8 SO

PH B E€H

€S ‘v

338 ¥3HILO

—_— 1

|
|
|
B

A0V

WNNINNTVY 1909

S

l

000¢

00¢l

- 00¢2-

1002

—000!)

-100¢!

oo

—0osi

3¥NLVHIdNIL 22



- S

7075 Aluminum Alloy

he results available for the T6 condition are essentially
the same as for 6061-T6 as discussed above, cxcept that the stress
values are scmewhat higher,

In the annealed or "0" condition (not solution annealed)
this all)y shows vate insensitive behavior below 10-2 sec-l st
room temperature and increasing positive sensitivity at higher

tempe ztures. At all temperatures an increase in rate sensitivity

is found at strain rates above 10-2 sec‘l.
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Other Aluminum Alloys

Available data on 2024-T4, 2024-T3, 2014-T6 and 5024-H34
all show similar results to those for 6061-T6. These alloys are
all essentially rate insensitive at temperatures below 300 F
and strain ratcs below 102 sec-l, At higher temperatures some
positive rate sensitivity is found. Since these temperatures
are generally above the aging temperatures for these alloys,
overagiung reactions are taking place at these test temperatures,
Therefore, the properties will depend on time at temperature as
well as strain rate and temperature.

A 3003 alloy in the solution annealed condition has been shown
to exhibit three regions of rate sensitivity at room temperature
(H-7). It is rate insensitive up to a strain rate of 2x10-2
sec' ' and then has a positive rate sensitivity up to about 10-1
sec-l., Above this rate a negative rate sensitivity was found. A
negative rate sensitivity was also found in a 2024 alloy in the
solution annealed condition at room temperature and strain rates ranging
from 102 to 0.3 sec-l, This is attributed to & type of dynamic
strain aging or structural deformational instability. During low strain
rate deformation, the strain in the ma... ial t~iggers changes in the
solute configurations which result in iin: .(3s32d resistance to dis-
location motion. At high strain rates therc is not sufficient time
for these solute configurat.onal changes to occur resultiny in less

resistance to dislocation motion and thus lower strength,

25

o G MO st

m

ittt |



VT TP BT 1MV IAYD

ol e o ol ol ! e 20! 2! 0!
00%-. 0oz-
£00€)|2H " - .
(so00|2h _ | g —4, |
. N N
\ N / Jo
— - - < ~
£ \ﬂ
_ o H I /7 (v1-{»202)
-t IN
(lv1-v202} g M 10
- - ~—+—-— 00s o
./h B N ‘Toa.. ~
_W,uaoowaop m
1 (9L-b102 J . ooor [ o T
€1-6202) 9N / ] W_
{PEHY205()GH >
Joos &
“ S — 00S! m__
_ * —000I
J
——e . w - — N ———— .L~||l‘ 0002
; HNOIW |
‘€$'90'29'18 oozi
. '43Y ¥3HLO0
-t e e — - ——]0082 ) o4y
! MIHLIO B p202
_ | SAOTIVY WNANINNGTY
_ o | R S Lo . .~ 009!
. ~ ——te b b Jooot
4 (o]

b o bl i M N s



i ————

MAGNESIUM ALLOYS

Reference Fl gives results for 18 different magnesium base
alloys at strain rates up to 0.08 sec™! and temperatures to 500 F.
Most of the alloys showed very little rate sensitivits at goom
temperature except for AZB80Z-TS, ZK60A-TS and MIAF which showed a 20
percent increase in strength over the range of strain rates used. At
elevared temperatures a general increase in rate sencitivity was reported
for all alioys with generally linear increases in strength with
logarithmic strain rate, The other available references on magnesium
alloys give similar results with only a slight increase, if any, in

the rate sensitivity at higher strain rates up to 103 sec-1,

g

Reference L7 reports an interesting difference between the results for

[N T T = o

tension and compression loading.
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TITANIUM ALLOYS

Titanium-641, 4V Alloy

There are four major references for this material. They all
show this material to be moderately rate sensitive but there is some
disagreement as to the shape of the flow stress-strain rate curve.
Two references show almost no rate sensitivity at strain rates
below 10 sec™! while the other two show about a 10 percent incresse

-3 -1 All references show an increase in rate

between 107~ and 10 sec
sensitivity above 10 sec~! with a 10 percent increase in strength
between 10 and 103 sec-l,

The results at elevated temperatures up to 1000 F are
approximately parailel to thosc at room temperature.

This materiai is usable in either the solution annea“ed
condition or in an artificlally aged conditien, The strain rate
sensitivity is essentially the same in toth conditions.

Other faccors considered are notched strength (B4) and biaxial

strees (L8).
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Other Titanium Alloys

Results for severa! comwcrcially pure titiniwa alloys
such as 50 A, SSA and 70A are available and all show about the
same or slightly higher rate sensitivity than that for the 6Al-4V
alloy. At elevated temperatures ths rate sensitivity is some-
what greater than at room temperature particularly in the 400
to 600 F range,

Other high strength alloys studied are 5 Al-2.5 Sn_ 8Al-1Mo-1V,
4Al-3Mo-1V, 5.7A1-2,7Sn(A-110-AT), 1.8Fe-1.8Cr-1.5Mo(140A), 13V-11Cr-
3Al, and 8A1,2Cb,Ta. Al}]l of these chow rate sensitivities very
similar to the 6Al-4V alloy.

It appears that titanium alloys are unique in that the strain
rate sensitivity does not decrease significantly as the strength is
increased by either alloying or heat treatment, This is contrary

to the behavior of virtually all other common structural metals,
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Copper

I With the exception of one data point, all of the available

data on copper alloys is for high purity or commercially pure

coppc-. No data cn vrasses or bronzes have been located.

In the fully annealed condition, the yiell stress and flow

stress of coppe™ at low strain values are only slightly rate

sensitive. The strength increases 10 to 20 percent over the range -

of strain rates from 10-3 to 103 sec-l, The rate sensitivity incr-

&

eases with increasing strain veslues. The rate sensitivity also increases

with prior cold working. For copper that has been cold worked to
a vield strength of about 40,000 psi, strength Increcses

rangirg from 30 to 60 percent have been reported over the range of j

E
strain rates from 10-3 to 103 sec-!, The flow stress is generally :
a linear function of logurithmic strain rate over this range. : .

At elevated temperatures the flow stress-strain rete curves
are parallel to tne rcom temperature curves but at lower stress
levels,

The only other copper alloy studied is beryllium copper (§3)

which showed no significant rate sensitivity at 10% sec™! and

at room temparatures.
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Lead

The flow stress of lead is fairly rate sensitive at room
temperature, At small strain values (2 to 3 percent) the flow
stress increases by 40 to 60 percent over the range of strain rates
from 10-3 to 103 sec-l, At higher strain values the rate sensitivity
increases with an increase in f.ow stress of up to 75 percent
reported for the same strain rate range, at 30 percent strain.

The flow stress is a linear function of logarithmic strain rate

over this range.

No results for temperatures other than room temperature

were found.
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NICKEL AND NICKEL BASE ALLOYS

Only two references report results for pure nickel, In the
annealed condition it is moderately rate sensitive with about a 20
percent increase in strength over the strain rate range from 10-3
to 103 sec! for all strain values, In the cold worked condition
it is slightly more rate sensitive, At temperztures up to 500 C the
flow stress-strain rate curves avre essentially parallel to the room
temperature,

Results are available for four nickel base ''superalloys'". These
are Udimet 700, Unitemp 1753, Mar-M200 (single crystals) and Inconel
-X. The curve of strength versus temperature at strain rates in the
order of 10-3 cec-1 for all of these materials has a characteristic
shgpe, The strength is essentially constant frocm toom temperature to
some temperature in the range of 1200 to 1400F. In this region they
are essentially rate insensitive or have a slight negative rete
sensitivity near the upper end of this range. Above this temperature
the strength drops rapidly until it reaches about 10 ksi at a temperature
of about 2000 to 2200 F. In the middle of this decreasing strength
range the strength is highly rate sensitive with increases of 30 to
40 ksi reported over the range of strain rates from 10-3 to 1.0 sec-1,
At the higher temperatures, the absolute rate sensitivity decreases
but due to the very low static strength the relative rate sensitivity

is about the same,
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REFRACTORY METALS

Molybdenus

Three references give stress versus strain rate results for pure
molybdenum, These are all in good agreement and show generally linear
increases in strength with logarithmic strain rate over the range of
104 to 102 sec-l. The yield strength increases by about 100% over
this range and the flow Stress at various strains shows the same ab-
solute increase. At temperatures above and below room temperature
(200-600K) the yield stress-strain rate curves are essentially parallel
to the room temperature curves. At very high temperatures (2000 to
4000F) only creep-rupture data are available, These show the same
general irends as indicated above.

The molybdenum alloys studied include TZC, ZC-1 and ZC-2. These
alloys show a peak in the strength-temperature curves at 2000F for the
T2C and at 2700 F for the ZC alloys. This is attributed to dynamic

strain aging and results in a negative rate sensitivity which, for the

TZC alloy, extends from 900 F to 2100 F. At higher and lower temperatures

the rate sensitivity is positive,

An important feature of molybdenum alloys is that they exhibit a
very sharp ductile to brittle transition as the temperature decreases.
At static strain rates, this transition temperature is usually just
below room temperature. However, at higher strain rates this temper-
ature may be shifted to a higher value which may be at, or sligntly

above, room temperature. This offers a very severe design limitation

for these materjals,
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Tungsten and Tantalum

The behavior of these two materials is somewhat similar. Both
exhibit a yield point instability phenomenon. The upper yield stress
is highly rate sensitive while the peak flow stress is much les. rate
sensitive, At high s*rain rates the upper yield stress may be signi-
ficantly higher than the peak flow stress.

At elevated temperatures to 900 F the behavior is similar to that
at room temperature for the two tungsten alloys studied. In pure
tantalum a temperature of SO0F essentially eliminates the upper yield

point and decreases the rate sensitivity.

Niobium (Columbium)

The flow stress and the yield stress of this material at room
temperature show a slight rate sensitivity at strain rates below 10-2
sec-l and a strong rate sensitivity at higher rates with a 60% increase
in strength at 100 sec”l, At lower temperatures the relative rate
sensitivity remains about the same as at room temperature, At higher

temperatures up to about SO0F the rate sensitivity decrease significantly.

No data are available for higher temperatures or for niobium based alloys.

40
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OTHER METALS AND ALLOYS

Uranium

Data are avilable for uranium alloys containing 10% Mo and 8% Mo,
0.5% Ti. Both show similar results at room temperature with an
approximately linear increase in strength with logarithmic strain
raves. The strength increases by 40 to 50 ksi with an increase in
strain rate from 10-3 to 103 sec-l. The strength-strain rate curves
at temperatures from -65F to 600F are essentially parallcl to the

room temperature curves,
P

Thorium
Thorium also shows a linear increase in strength with logarithmic
strain rate up tc a rate of about 10 sec-l, Above this the rate
sensitivity appears to decrease slightly. The flow stress at various

values of plastic strain show similar rate sensitivity.

Cobalt Base Alloy (Stellite)

Results are available for annealed Stellite 25 sheet at strain rates

of 5x10-5, 10-2 and 1.0 sec~! and at temperatures frcm room temperature

to 2250F. Over this strain rate range the yield strength increases by

3
E
=
=

about 20 ksi at temperatures from room temperature to 400F. At 1200
to 1600F an inverse rate sensitlivity is seen and at higher temperatures

a significant positive rate sensitivity is found. :

42
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Beryllium

Two references give results for hot pressed beryllium. These
are designated as 2043 and S-200E materials. Good agreement is found
vwhere the data overlaps. Only slight rate sensitivity was found at
tenperatures up to 1000F. Above this temperature the rate sensitivity
increases with a strength increase from 6 ksi to 20 ksi at 1400F for an
increase in strain rate from 10-3 to 1 sec-l. Extruded S-200E material
also showed little rate sensitivity at room temperature but increased
sensitivity in the range of temperatures from 600 to 1000F. A stiength
increase of 3C ksi was obtained for a strain rate increase from 10-3

to 10 sec'l.
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