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EVALUATION OF TOUGHNESS IN AISI 4340 ALLOY STEEL
AUSTENITIZED AT LOW AND HIGH TEMPERATURES

| R. 0.‘Ritchie, B.'Francis, and W. L. Server -
Inorganic Materials Research Division, Lewrence Berkeley Laboratory and
Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California
| ABSTRACT

It has been £eported for as—quenched AISI 4340 steel that high tem-
perature austenitieing treatments at 1200°C, instead of conventional heat-
treatment at 87060, result in a'two-fold incfease in fracture toughness,
.KIc"bUt a deorease in Charpy impact energy. This paper>Seeks to find an
explenation.for this'discrepancy in Charoy and fracture toughness data in
terms of the difference between KIc and impact tests. It is shown that
the observed behéviof is independent of sheer 1ip energy and strain rate
effects, but can'be rationalized in terms of the differing response of the
.structure produced by each austenitizing treatment to £ﬁé influence of
notch root radius on toughness. The microstructural-factorsvwhich affect
.this behavior are_discossed. Based on these and other observations, it
is considered that.the use of high temperature austenitiéing be questioned
as a practical heat-treatment. procedure for ultra—high'strength, low alloy
steels. Finally, it is suggested that evaluation of ﬁeterial toughness

should not be based solely on KIc or Charpy impact energy values alone; both

sharp crack fracture toughness and rounded notch impact energy tests.are required.

‘R. 0. Ritchie is Miller Research Fellow and Visiting Lecturer, Department

of Materials Science and Engineering, College of Engineering, University

of California, Berkeley, California 94720; B. Francis is Assistant

Professor, Harvey Mudd College, Claremont, California 91711; and W. L. Server
is Director of Materials Testing Laboratory, Effects Technology, Inc.,

. Santa Barbara, Californla 93105.
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INTRODUCTION

Recent research1 into the influence of austenitizing treatment on
the mechanical properties of as-quenched AISI 4340 steel has shown that
compared_to con&entionai austenitizing at 870°C, incfeasing the austenitizing
temperature to 1200°C can raise thelplane strain fracture toughness (KIC)
by a factor of 2 (without reduction in yield strength). .However, con—
current with this improvement in Kic there is an unéXplaiped and perplexing
reduction in thévCharpy impact énefgy; The same effect has been reported

3,4 and 300M3 steels, in

for British Ni-Cr-Mo and Ni-Cr-Mo-V éteels,2 4340
both as-quenched and quenched and tempered (<350°C) conditions. Since

KIC and the Charpy impact energy are both measures of material toughness,

it appears paradoxical that high temperature austenitizing gives’the
greatér toughnéés when rated b& KIc’ while lgz‘température.austenitizing
gives the greater toughness when rated by Charpy impact energy. 1In the
face of this conflicting evaluation of toughness, it is tempting féﬁ'the
scienﬁist to Simﬁlybadopt the results of the KIc test and_disregard the
results of the Charpy test as "inadequate", since it is no doubt true
that the K test is based on a theoretical foundation of greater solidity
than is the Charpy impact test. In reality, however, the contradictOry'
results of the two techniques for measuring toughnesé appear -to be a real
phenomenon and a?e indeed an indication ofbimpqrtant differences between
fracfure induced by sharp (KIc) and blunt (Charpy) noﬁchesf These differences
may be summarized as follows: (1) the Charpy‘test measures the energy
required to cause g§mplete failure of the specimen and thérefore will
-include a contribﬁpion from plane'stress,shear.lip formation. The

fracture toughness test, on the other hand, measures a critical value of
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the stress intehsity (K) at.the c;ack tip necessary to cause plane strain
unstable fracture. In a test-pieée of valid thicknesss, tﬁis value will
be virtually independent of shear lip formation.l (2) The strain rate in
an impact test is several.orders of magnitude greater than in a KIc test.
In fact, when expressed in £érms of rate of increase:in stress intensity
at the notch tip ), K for impact ('dynamic') testing is of the order of
105—106 MPavm/s compared with <3 MPaﬁﬁ/s for ('static') KIc tests. (3)
There is a marked differeﬁce in the root radiué (p) of the stréss con-
centrator in tﬁe.two tests. Charpy test-pieces contain‘a V-notch
(p=0.25 mm), whereas KIC test-pieces cdntain a fatigﬁe ﬁre—crack (00).
It is the purpose of this paper to offer an explanation of the con-
tradictory toughness resulés reported for the 4340 alloy, in the light of

these basic differences, with the belief that this explanétion may have

considerably broader application.
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EXPERIMENTAL PROCEDURE

The material used in the investigation was aircraft quality (vacuum-arc
remelted) AISI 4340 hot-rolled bar, received in the fully annealed con-

dition, and having the following composition (wt pct):

c Mn Cr Ni Mo Si S P Cu

0.41 0.80 0.79 1.75 0.23 0.26 0.004 0.006 0.06

fwo heat;treatments were studied: (1) the conventional austenitizing
treatment of 1 hr at 870°C, foilowed by an oil quench and (2) the heat-
treatment, recommended by Lai et él;l of 1 hr.at 1200°C, followed by .
a salt quench to_é70°C for 1/2 hr, then oil quenching to room
temperéture. The structures obtained by these heat-treatments are here-
after referred fo as the 870°C and the 1200-870°C étructﬁres respectively.
The émbient temperature (22°C) uniaxial tensile properties and prior
austenite ' grain sizes fof‘these structures are shown in Table 1. Tough-
'ﬁess properties were measured using Charpy V—notch'impact tests, plane
strain ('static')'ffacture toughness (KIc) tésts, and dynamic fracture
toughness'(KId)_tests. Charpy impact energies were determined using
sténdard sized (10 mm sq) ASTM Charpy V-notch specimens,6 broken in a
pendulum type impact macﬁine of hammer velocity 3.3 m/s; KIc values were
determined in accordance with ASTM speéi_fications,5 using 15.4 mm thick
C.T.S. test—ﬁieces. All KIc values were found to be 'valid' according

to this specification. KI data were .determined using fatigue pre—cracked

d
‘ i 7 :

standard Charpy specimens broken using an instrumented (Dynatup) Charpy
impact machine at a hammer velocity of 1.36 m/s. The complete experimental
procedure for dynamic KId testing has been described élsewhere.8 Test-pieces

. for all experiments were machined in the longitudinal (L-T) orientation.
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RESULTS
The ambient temperature (22°C) toughnesé’properties for both structures
are shdwn in Table 2. Two important features are shown by this data:
(1) As originally repérted by Lai etval,l the 1200-870°C structure has
superior KIC but inferior Chérpy vélues, withvrespect to the 870°C
structure. Thevdifference in Charpy #alues is, however, small. (2) Both
KIé and KId reéults show thé 1200-870°C‘structure to be the tougher,
although there is some reduction in the dynéﬁic values due té the higher
sfraih rate. |
In the fdliowing.paragraphs we now consider these results in terms
6f the bésic differences between the Charpy and fracture;toughness tests,

as summarized above.

(1) Shear Lip Effects

It is weli known that the shear lip portion of the fractured sufface
of‘a Charpy test-piece requires more energy per unit area to fracture than
does the flat portion. Therefore, a significant incréase'in the proportion
of,plane’stréss shear lips in the'870°C structure, over that of the
'1200—870°C structure, could possibly account for the small improvement in
Charpy energy of the 870°C StruCturefa Examination oﬁ the broken Charpy
test-pieces, however, confirmed that there was-noAmeaéﬁrable difference.in
the shear lipcarea for the two stfuctures. In fact,tthé proportion of
shear lip area_for both struétures was always less thanréz. It is con-
cluded that fréctufes in both Charpy and KIe tests occurred under fully
plane strain conditidns, and therefore the contribution from shear 1iﬁ

formation can be eliminated as an explanation for the difference in Charpy

and X test results.
Ic

* In view of the fact that the yield strengths of the two structures were
identical, and that the K %; the 870°C structure was less than for the
1200-870°C structure, one WOu not e&pé%t §hch anfincrea§e f}
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(2) Strain Rate Effects

There is always a possibility when comparing Charpy impact and K
1

Ic

values that tﬁé higher strain rate of the impact test'(”lOl—lozsec—
compared. to “~'-10—4 sec—1 invstatic tests) may inducé a'cHange in fracture
mechanism through an increase in the ductile/brittle transition temperature.
In the présent results, it might be expected that the transition
temperature would be higher for the71200—870°C structﬁre because of the
larger grain size. Thus, increased strain rate may sﬁift the transition
temﬁératuré of the 1200-870°C structure above room teméérgture in the
Charpy test, whilSt‘leaving the transition temperature'offthe 870°C
structﬁre below room temperature. This would result in aklow Charpy
impact energy'fOr.the'1200—870°C:structure. o
Scanning electron microscopy of fracture sutfaceé of both Charpy and
KIc test-pieces, however, showed that the fractufé mééhanisms were
identical in both tests for a given structure. Failure in both Charpy and
Kchtest—piecés'occurred by quasi-cleavage and fibroué rdpture in the
870°C structure, and by intergranular éﬁd.fibrous frécture in the 1200-870°C
structure (Fig. 1).  Since for.a given heat-treatment the fracture mechanisms,
at both-high énd iow strain rates, are the same, change of mechanism
can be eliminated as an explanation for the contradictdfy toughness results.'
There ia anhadditional possibility that a strain rafe'efféct cégl¢;occuri
without change in fractﬁré mechanism, through, for examplé; an effect 6n
deformation flow properties. To test this possibility dynamic fracture
toughness (KId)_tésfé were cbnducted on pre-cracked test-pieces. The

results are listed in Table 2, where it can be seen that, although there

was some reduction in toughness for the highef austenitizing treatment,
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the 1200-870°C sffudture s;ill shows superior fracture toughness compared
to the 870°C struéture.v Since this result occurs at the same strain rate
as in standard Chérpy tests, wﬁich show the opposite result in terms of
which structure is -tougher, iﬁ is clear thap strain rate’sensitivity does
not pfovide»an explanation for the contradiétory toughness results.

(3) Notch Root ﬁédius Effects

A significaﬁt'difﬁerence between Charpy and fracture toughﬁess
testing is thé rédius Af the stress concentfator iﬁtroduded into the test-.
pieces. Charpy test—pieéés contain a V-notch (p=0.25‘mm)'whefgas Kic
test-pieces contain a fatigue pre—crack (p>0). To determine how measured
tdqghness varies wifﬁ notch root radius for each austenitizing treatmént,

a series of Charpy fest—pieces was prepared with notch roog radii rénging
from a fatigue pre-crack to a 0.58 mm radius V-notch. .The.specimens were
bréken'at room tempéréture.(22°c) in an instrumented Charby machine, and
impact energy and_"épparent" dynamic fracture toughness, KA,?.measuréd in
veaéh case (Table 3); Iﬁ Fig..2 the apparent fracture toughness, KA, is
shown as a fuhcfion‘of the square root of the ﬁotch radius, pl/2, for
both microstructures. The important featuré'of this»figgre'is that for -
small root radii (p<0.05 mm) the toughness of the 1200-870°C structure
exceeds that of the 870°C structure, whereas at larger radii (p>0.05.mm)
the.reverée is the>éa5e. A similar effect has been obsérved for fine and
coarse grained 4340 tested at liquid nitrogen teﬁperatures)l2 Thus, it can
be seeh that in fracture toughﬁess tests, where>p+0, the'1200-870°C

structure will have the higher K_ value; but for Charpy-tests,bwhere

Ic

p=0.25 mm, the-870°C structure will fracture at the lafgeﬁ KA value, and

thus show the larger impact energy. This is precisely the behavior

* "Apparent” fracture toughness refers to the value éf Kic {or Kiq) measured
ahead of a rounded notch of radius p, and is generally used as a means of 9-11

estimating the fracture toﬁéh@?s%@wig@o%? rgfo%gsegfogﬁaté?u?}pre—cracking.



reported prev:tously.l—4

An explanation for this effect can be deduced by examining the

simple theory, developed by Tetelman and ce-workers, »10

to account for
the influence of notch root radius (p) on fracture toughness. For con-
stant stress—controlled fracture, it was proposed that failure occurs

. max S \
when the maximum tensile stress, ny ~, located at the plastic—-elastic

interface exceeds a critical fracture stress, GF’ for failure. Thus if

cyy‘max=cy [1+1n(1+r/p?]. S ¢ )

from slip-line field theory, where Gy is the uniaxial yield stress in

tension and r is the distance from the notch tip; and.
r =012 (K0P L @
e Ay _ .

from linear elastic theory, where r, is the radius of the critical plastic

max

zone size, then at failure, when o = GF, and r = ré,

- 1/2 1/2
‘f.2.9 Uy [exp (OF/Oyf_ 1? Sl % R PR &)

KA
Equation 3 shows that the apparent fracture toughhess (KA) varies
with p, as found experimentally and shown in Fig. 2. However, for some

radius (p < po), KA is independent of p and has the same value as KIc’

measured in standatd,ASTM specimens5 which have been fatigue pre-cracked

]

before testing. Consequently, Tetelman and co-workers 0 proposed that

1/2 1/2
o .

Kie (or KId) ® 2.9'cy, [exp (orF/cry -1) - 1] . (&)

The parameter Py the "effective" or limiting root radius, is a

measure of the extent of the process zone ahead of the crack (the
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"characteristic_distanée") over which the critical stress Op must exist
to cause failuré; and is related to the microstructﬁral feature which
controls fracture (such as slip or.twin band spacingé; grain size or

3-15 The characteristic distance (L) represents the

inclusion spacingj.
minimum distance from the notch where the critical fracture event can
occur (i.e., where Oyy > OF), and is only important where the maximum

14,15 This is the

tensile sﬁresg (Oyymax) is very close to the'notch tip.
case ahead ofvshafp-cracks,16 where Uyymax at fraéturé is located at a
distance ahéad»of‘the crack tip'which.is generaily sméller than the characteristic
distancg; Ahead of rounded notches. (p > po), howevgr; Oyymax is located
at, or just behihd,17 the.plastic—elastic interface, and thus at failure
the gritical ftacture event is occurring at a distance.from the crack
tip wﬁich is.lgigg compared with the characteristic disténce.* A schematic
representation of.these fracture events is shown in Fig. 3.
The appliéation of this model to the present results is complicated
by the fact thét it is only strictly valid for stress—controlled fracture,
and was derived from data on cleavage in mild stéel.9 The failure mech-
anisms»in 4340 Steel are far ﬁore complex (see Fig. 1), but at least the
dominant fracturevmechanism for both structures can be considered to be
largely stress-controlled (i.e. quasi-cleavage and intefgranular cracking).
'Iﬁ addition, fhe general form of the relatiomship between toughness and
root radius shown in Fig. 2, and the existence of a limiting root radius
would appear to be unchanged even for straindcontrolled ductile fracture.18
Examinatiqn of Fig. 2 in the light of the. above theory reveals

(1) the critical fracture stress, Ops 1s smaller in the 1200-870°C

*A" fuller explanation of how the stress distribution ahead of sharp and
rounded notches can influence fracture behavior can be found in references
14 and 15. O A R
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structure compared to the 870°C strucﬁure, as indiéated by the differing
slopes of the curves (see Eqn. 3). (ii) The limiting root radius, Py
is larger for -the 1200—870°C.structure compared to the 870°C structure.
(iii) For both'structures; the.value of Py iskof the same order as the
prior austenite gfain size. These observations indicate that the higher
austenitizing freatment has caused a reduction in critical fracture stress,
but increased the critical distanCe over which it mﬁst be. exceeded for
failure. The increase in characferistic distance ‘appears to be associated

with the larger grain size. The decrease in o_ is probably the result of

F

segregation ofkimpurity elements to the smaller grain boundary surface

area of the larger graiﬁ—sized material-;typically;ségregation of

19,20

phosphorous leading to intergranular cracking, .and segregation

and precipitation of sulfur leading to intergranular fibrous rupture.Zl’22

Thus, KI& (and KIc) will be incréased in the 1argér grained 1200-870°C
structure because'the fracture stress ahead of the sharp crack must be
exceeded over a much larger distance (Fig. 3a and b). 1In Charpy tests,
however,.where the larger root radius causes the critical fracture
event to occur much further away from the notch tip;‘the lower fracture
stress of the 12d0-870°C structure léads t§ an inferior KA and thus lower
impact energy with respect to the 870°C condition_(Fig. 3¢ and d).

/
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DISCUSSION
It can be_Seen from fhis wqu that the explanation for the differences
in toughness,‘és‘evaluated by fracture toughness and Charpy tests, may be
attributed to the differing response ofveéch stchture to the influence
of notch root radius on toughness. An expla;ation of this effect in
terms of microstructure is more complex. It has been suggested that the

improvement in K c from high temperature austenitizing can be attributed

1,23

1
to (a) dissolution of carbides at the high solution tempefatures;

. 2 . . 3 - ,
(b) retention of austenite films around martensite plates; (¢) elimination

of proeutectoid ferrite24 and upper bainite23_25 due to increased hardenability
from the larger grain size; or (d) lack of twinned martensite plates in the

26,27

as—quenched étructure. Such microstructural modifications, however,

should also lead to increased impact enetgies, which are not observed.

The present’anélysis indicates that the increase in KIc (and KId)’ following
high temperatufe austenitizing, results merely from a significant increase
in effective root radius:po.

The magnitude of P, should reléte to the particle spacing or grain
size, depénding ﬁpon the mechanism of failure. For particle—controlled
fracture (e.g. fully fibrous rupture) the increasé in po-could be attributed
to increased carbide spaciﬁgé,-although; in the present case, these particle
spacings do not relate nuﬁerically té'the values of Py obtained. For
cleavage and intexgranular‘fracture, on the other hand,.it has been
15,28 | |

shown that the magnitude of po is of the order of the grain size (i.e.

approximately equal to 2 grain diameters for cleavage in mild steel,l5 and 1-1%

grain diameters for intergranular failure in low alloy, En30A stee128), Since

0

Tl
)
kitcez ol
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in the present résults, the principal fracture modes are either cleavage
or intergranular cracking, and the numerical values of po are of the same
order as the'grain diameters? it must be concluded (although tentatively)
that the increase in pof and hence KIc’ for the high temperaturé austenitizing
treatment, is a result of the brder of magnitude increase in grain size.

It is clear that the use of high temperature austenitizing, instead
of conventional heat-treatment, can result in steels of much improved
fracture toughnéss (KIC), but tﬁe aécompanying low Charpy impact energies
ﬁust limit the practical usefulness of such procedures. Other r‘esultsl—4’29
in the liferatﬁfe substantiate this claim.  For example, it has been
reported29 that an Fe/3.85% Mo/0.18%C steel has a KIc = 93’ksi/iﬁ
(103 MPavm) after'oil quenching from 1200°C, and yet.the Charpy impact
energy for this condition is a mere 11 ft.lb. (15J);. It should also
be noted that tﬁe tensile ductility properties of low alloy steels
austenitized atvhigh temberatures can be greatly reduced. This can be
seen from reéults3 obtained for AIST 4130, 4330, 4146, 4340, 300M and
D6-AC sﬁeels in both as—-quenched and quenched and tempered conditionms.
In the present results, for instance, the reduction in area for as—quenched
4340 is only 8% in the 1200-870°C.structure, compared to 31% in the
870°C structuré.(Iable 1).'.The percentage elongation is similarly reduced
(by a factor of 3), and this is qonsistant with a 1owéf Ytrue' fracture
stress in the‘1200—870°C structure. Furthermore, the cgnsiderably

larger prior austenite grain size of steels austenitized at higher temperature

*AISI 4130 and 4330 steels appear to be exceptions, although even these
steels, when tempered above 300°C, show superior Charpy impact energies
after austenitizing at 870°C, compared to the high temperature austenitized
treatments.
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can lead to ihcreased dangers from temper embrittlément;g and tempered
martensite embrittlement,30 if the steel is subsequently tempered. The
smaller grain boundary area associated with lafge grain sizes implies
that segregation of impurity élements, should it'occur; will be more
effective in producing subsequent embrittlement because the relative
degree of grain boundary coverage pfoduced by a given amount of solute can
be correspondingly greater.28 Thus, although thefe is evidence,Bl’32 in
certain molybdenum-containing sécondary hardening steéls, that austenitizing
at 1200°C can:be beneficial to strength as well aé fracture toughness (no
Charpy'impact‘values were reported), if is felt thgt,‘in general, the use
of high tempgratgre austenitizing treatmehts for ulﬁra—high strength,
loﬁ alloy steels, in place of conventional low temperature treatments,
should be regarded with extreme caution.

Finally, it is considered that the phenomenom described in this paper
has an impoftant'bearing on what procedures should be carried out in
alloy désign to evaluate material toughness. Although KIC (and KId)
measurements'aré obviously necessary, it appears no longer sufficient to
grade toughness solely in terms of these parameters, since they only
indicate material resistance to fracture ahead of sharp cracks. For the
present steei, for example,'grading material toughness_by KIC (or KId)
alone would lead to the conclusion(that the steel austenitized at 1200°C
was tougher. Yef, if in service the steellcontained a biﬁnt indentation,
thé structure resulting from the conventional 870°C_héat—treatment would
show superior resistance to fracture for all notch rbqt_fadii greater
than 0.002 iﬁf(ofOS‘mm); Thus, it is suggested that the toughness evaluation of a

material must include a measure of resistance to fracture ahead of both

0
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sharp and rodﬁdéd notches. It appears insufficient to grade material
toughness solely on the basis of KIC or Charpy impact energy values

alone. An assessmeni from both sharp craek fracture toughness and rounded

notch impact energy testing is required.
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CONCLUSIONS

(1) It has been verified that a high temperature éustenitizing
‘treatment of'1200°‘7(followedlby a step quench to 870°C)vimproves the
fracture toughness of as—queﬁched AISI 4340, but gives rise to
inferior Charpy impact energies compared to c¢onventional 870°C austenitizing.

(2) This effect was shown to be indepeﬁdentvof'shear lip energy
differences, and to be independent of variation in strain rate imposed
by KIc gnd impact tests. |

(3) The éffect was Hund to result from the differing behavior of
each structure to the influence of notch root radius on toughness.

(4) The strﬁcture obtained after austenitizing at 1200°C was found

to show superior toughness for failure ahead of sharp cracks (i.e. in

K. and KI tests) due to its larger "effective'" root radius for fracture.

Ic d

This was tentatiﬁely associated with the larger prior austenite grain size.

(5) Thé structure obtained after conventional austenitizing at
870°C was found to show superior tougﬁness for fracture ahead’of rounded
nbtqﬁés (i.e. in Charpy impact testé) due to its 1argéf critical fracture
stress for failure.

(6) The use of high temperature austenitizing treatments, in place
of conventional heat-treatments, for ultra—high_stfeﬁgth, low allby steels
is questioned, because the structﬁres which result apéear to show iow
Charpy impact enefgies énd much lower ductility, an@ may give rise to
increased suscéptibility.to embrittlemgnt during tempering.

'(7)> It is suggested that evaluation of ﬁateriai toughness must include
a measure of resistance to.fracture.ahead of bdth sﬁarp and rounded notches.

It appears insufficient to grade material toughness solely on the basis of

KIc or Chafﬁy impact energy values alone. Bothvsharp crack KIC and rounded

notch impact energy valgeségrﬁhye%yired;
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Variation of Charpy Impact Eneréy and Apparent Ffacture

Toughness (KA) with Notch Root Radius (p).



Table 1. Ambient Temperat

Tre Longitudinal Tensile Properties for Alloy AISI 4340 in the 0il Qﬁenched Condition
(after Lai et all) '

Austenitizing 0.2 pet . . Ultimaté ‘ Elongation Reduction _"‘True ?ribr:
Temperature Proof Stress ‘Tensile in area. Fracture Austenite
°C : Strength Strain ~grain size,
ksi MPa ksi MPa pet pct pct : Hm
= . . A
™ 1200-870 231 1593 318 2193 3.2 7.8 0.07 - 2247360
N 870 231 1593 322 2217 9.0 ~30.8 10.18 24-32
oD ' - .
.
o
=

0

Bl T
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Table 2. Ambient Temperature Longitudial Toughness Properties for Alloy
AIST 4340 in the 0il Quenched Condition.

Charpy V-notch
Austenitizing Impact Energy

Plane Strain Fracture
Toughness, K.

Dynamic Fracture
Toughness, K

Temperature, Le 1d
°C ft.1b. J ksivin MPavm ksivin MPavm
1200-870 |  '5.4* 7.32 63.8% 70.1 54.2 59.6
6.0% 8.13 66.6% 73.2 48.8 53.7
5.0 6.78 61.2* 67.2
2.0 2,71
6.0 8.13
870 7.5% 10.20 31.1% 34.2 36.6 40.3
6.1% 8.27 39.0%* 42.9 30.0 33.0
7.5 10.20 32.3% 35.5 33.3 36.6

*after Lai et all.
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The circuit of this unit in its gas-fired configuration is.shown in Figure 4.

The modifications that must be made to this unit to convert to solar operation
are more drastic than would be the modifications of a water—lithium

bromide unit. The gas-fired ammonia-water unit uses the high temperatures avail-
able witﬁ a gas flame to produce a temperature in the genefator of about 325°F,
which leads to a concentration of ammonia in the solutién leaving the generator
(the strong absorbent) of about 12%. Because of this VerY-low‘concentration
(reiatiVe to that produced in the solar driven unit), the’gés—driven’unif can
use a solution-cooled absorber to preheat the solution (weak absorbent) entering
the generator. This_isAnot possible in the solar driven configuration.

Three major modifications were necessary to-the gaé—driven unit. Most
obviously, the gas—fired generator had to be replaced by a wéter heated generator.
This required replacement of the generator rather than just modification. Second,
because the temperatures available in the generator do not allow large changes
in the ammonia concentration of the solution passing through the generator, more
solution must be pumped for each pound of refrigerant that is to be generated.
Thus the solution pump in the unit must be replaced by a pump with three to five
times the original capacity. Third, because the solution-cooled absorber will
no longer be effective in preheating the solution entering fhe generator, a
liquid-1iquid heat exchanger must be added. When these modifications are made
to the gas-fired unit, the unit shown in Figure 5 is obtained.

The state points shown for the solar-driven umit in Figure 5 have been
calculated by a rather naive progrém that does not carefully'freat'all the
temperature, pressure, and concentration drops that occur in the system. How-
ever, the values shown do indicate the regime df operation under which our
experiments will be‘conducted. The solution-cooled absorber will be retained in

the unit, even though we expect it will be rather ineffective. The use of the
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Table 3. Ambient Temperature Instrumented Charpy Results for Alloy AIST 4340
in the 0il Quenched Condition, Showing the Variation of Charpy

Impact Energy and Apparent Fracture Toughness (K ) with
Notch Root Radius (p). ' .

Notch Root Charpy Impact Apparent Dynamic

Austenitizing Radius Energy Fracture Toughness
Temperature, o ‘ KA
°c
in ‘ Hm ft.1lb. J ' ksivin MPavm
1200-870 - 0 0 1.5 2.03 48.8 53.7
0 0 2.4 3.25 54.2 59.6
0:0011 27.9 2.3 3.12 46.4 51.0
'0.0038 96.5 2.3 3.12 45.3 . 49.8
0.0094 238.8 2.0  2.71 48.7 53.5
©0.0094 238.8 6.0 8.13 = 54.8 60.2
0.0115  292.1 . 5.0  6.78 52.9 58.1
0.0171 434.3 3.0 4.07 62.0 " 68.1
0.0230 584.2 3.0 4.07 ©69.2 76.1
870 0 0 1.0 1.36 30.0 33.0
0 0 1.0 1.36  33.3 36.6
0 0 1.0 1.36  36.6 40.3
0.0012 30.5 2.3 3.12 = 48.7 53.5
0.0027 68.6 3.0 4.07 63.4 69.7
0.0033 83.8 4.5 6.10 78.2 85.9
0.0084 213.4 5.7 7.73 95.5 105.0
0.0100 254.0 7.5 10.2 105.7 116.2
0.0133 337.8 9.5 12.9 126.4 - 138.9
0.0175 *  444.5  12.3  16.7 .  132.5 145.6
0 7

.0220 558.8 . 13.5  18.3 137.1 150.
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Fig. 1

Fig. 2

Fig. 3
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- . FIGURE CAPTIONS

Fractogfaphs of asfﬁuenchéd 4340; showing (a) in structure
austenitized at.870°C, quasi=cleavage (~65%) linked by areas of
fibrous rupture; and (B)'and (c) in structure austenitized at
1200—870°C, intergranular cracking (~55%) and transgratular fibrous
rupture. Several intergranular facets.show evidence of micro-
Void‘cdalescence on grain boﬁndafy surfaces (c).
NOTE:H l200-87O°C structure fails partly by intérgranular

fracture, and not, as erroneously reported in ref. 1,

‘by 100% fibrous rupture.
The reiationship between toughness, measured by thé appafent:
dynamic fracture toughness, (KA) from instrﬁmented Charpy tests,
and notch root radius (p) in oil quenched AISIV434O, for the
1200~-870°C and 870°C structures. Py is the '1iﬁiting' root radius,
K , the dynamic fracture toughness.

Id

Schematic representation of the distribution of tensile stress (cyy)

"at distance (r) ahead of stress concentrator at failure for .

(a) 870°C structure with sharp crack (p < po), (b) 1200-870°C
with sharp crack, (c) 870°C structure with rounded notch (p > po),
(d) 1200-870°C structure with rounded notch. Critical fracture

event occurs when 0yy>y0,Fover characteristic distance () ahead

of sharp_cfack, or when cyymax > o, at the plastic-elastic interface

F

'(rc >> %) ahead of rounded notch.'.Toughness of 1200-870°C structure

is greéter ahead of sharp crack because characteristic distance
(L) is lérger, toughness of 870°C structure is greater ahead of_

rounded notch because fracture stress (OF) is larger.
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Fig. 1. Fractographs of as-quenched
4340; showing (a.) in structure aus-
tenitized at 870°C, quasi-cleavage
(~65%) linked by areas of fibrous
rupture; and (b.) & (c.) in structure
austenitized at 1200-870°C, intergran-
ular cracking (~55%) and transgranular
fibrous rupture. Several intergranular
facets show evidence of micro-void co-

alescence on grain boundary surfaces (c).

NOTE: 1200-870°C structure fails partly
by intergranular fracture, and not, as
erroneously reported in ref. 1, by -100%

fibrous rupture.
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Fig. 2. The relationship between toughness, measured by the apparent
dynamic fracture toughness (Kp) from instrumented Charpy tests,
and notch root radius (p) in oil quenched AIST 4340, for the
1200-870°C and 870°C structures. p_ is the "limiting" root
radius, KId the dynamic fracture toughness.
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Fig. 3. Schematic representation of the distribution of tensile stress (O,.) at distance (r) ahead
of stress concentrator at failure for (a) 870°C structure with sharp crack (p < p ),
(b) 1200-870°C with sharp crack, (c) 870°C structure with rounded notch (p > p ),
(d) 1200-870°C structure with rounded notch. Critical fracture event occurs when
o > ofpover characteristic distance (&) ahead of sharp crack, or when 038X > g at the
plastic-elastic interface (r. >> 2) ahead of rounded notch. Toughness of 1200-870°C
structure is greater ahead of sharp crack because characteristic distance (%) is larger,
toughness of 870°C structure is greater ahead of rounded notch because fracture gtpesg (af)

is larger.
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