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.... ~ 
...~ The jet engine has components operating at much higher stress 

.... 
and temperature than does the reciprocating engine, consequently su­

~ 

perior structural parts are required. Today this need is being met 

~ 

with the super-alloys. Unfortunately many of the elements finding com­

man usage in the super-alloys are also thos e in the most strategically 

'( 
critical supply. An element is in cr itical suppl y when the quantity ava il ­

able for production of aircraft engines and for other essential uses is 
.< 

insufficient to meet the demands of a future emergency. Examples of 
.... ,. 

"'~ elements which are critical are columbium, tungsten, cobalt, chromium, 

and nickel. 

The seriousness of the problem is emphasized by the fact that if 

we were required to produce engines on a basis analagous to the peak 

production during the last war, we might be stopped in a very snort 

time because of the lack of alloys. Thus, a particularly urgent problem 

.., 
for materials research i s to reduce the use of critical materials. 

~ 

Let us look at where these mate r ials are used in j et engine s. We 

have a d iagrarrunatic engine (C - 24l90-A ) for d i s cussion, on which you 

.< can see the particular part ':. of the e ngine that we will d i scuss today and 
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typical amounts of critical e leme nts used in each part. 

First, we s ee the turb ine b l ades. They are to the j et engine 

what the piston is to 	the automobile engine, for they take the power 

from the gases and drive all moving parts. They make up only 2 per­

cent of the total weight of the typical engine as shown on the chart, but 

contain 10 percent of the total strategic elements. This is a highly cri ­

tical part in the engine since it may operate at temperatures above 

1450
0 

F, with stresses as high as 25,000 pounds per square inch at the 

hottest point. 
~ .. 

Next is shown the support for the blades, the turbine disk. On 

the average, the disk contains about 15 percent of the total engine weight, 
.. 

but 20 percent of the 	weight of all critical elements used. A turbine 

disk operates at temperatures from 400
0 

F at the hub to 1250
0 

F at t he 

rim and must withstand a complicated cOInbination of centrifugal and 

thermal stresses. 

The remaining 70 percent of the critical elements are distributed 

pretty well throughout the remaining 83 percent of the engine with the 

major portion being made up in the sheet metal parts such as combustion 

chambers and tail cone , and in the cast a nd forg e d supporting structural 

'" . 

., 	 parts . 

This diagram outlines where the c ritical e lements are us e d and 

sets up areas t hat need s t udy in an effort to r e duce the u se of these 

mate rials . S everal general methods of attack to this problem exist . .. 
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... '1 
On e would be to reduce the temperatures in the engine and t hus enable 

..." 

a l e ss critical material to b e used . A compon e nt temperature can b e 

reduced by reducing the combustion temperature or by cooling. The 

reduction of gas temperature would be at a sacrifice of some of the 

engine efficiency which is so vital to the superior performance of our 

military aircraft. The latter method, that is by cooling, is being 

described elsewhere at this laboratory today. 

Also, research can be directed toward studies that will give us 

a better understanding of the requirements for materials for particular
>'" 

parts of the engine. If we can learn the environment conditions of 
 

~ stress, temperature, and atmosphere imposed on particular parts, it 
 
-. 
~ may enable the manufacturer to respecify materials having less critical 

f 

elements. Improvements have been made to date by the manufacturer 

and as engine studies continue, further strides will be made.'" .., 
Another way to reduce the use of critical materials is to study

'.. 
0( and develop new materials containing more readily availableelern.ents. 

... 
As a part of the NACA research program on materials, we have been ,... 

.... ~ looking into the little cons idered field of cerarn.als and interrn.etallics 

in a search for new material s of low critical e lern.ent content capable 

of withstanding the env ironrn.ent conditions of the gas turb ine. Inter­

m e tallics a re chern.ical corn.pounds of m e tals and by the t e rm cerama ls 

w e rn.ean metal-bonded refractory che rn.ica l corn.pounds . 

."" 
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My discussion and demonstrations will show our general method 

",­
of attack and will indicate the promise of these materials for utility at 

~ 

high temperatures. 


The strength property we use for screening these materials is 


" the modulus of rupture. This property is a measure of the ultimate 


• strength. On the chart (C-24l90-B) are shown the modulus of rupture 

; 

strengths of a few of these materials in pounds per square inch versus 
)~ 

temperature in of. The materials are three ceramals: B 4C-Fe, TiC-Mo, 

.'; 
and TiC-Co and the intermetallic compound: MoSi . (The B C-Fe ceramal 

>~ 2 4 

and the intermetallic are being fabricated at this laboratory.) The TiC-Co 

.. 
combination has the most critical elements of those considered, but, if 

~ 

,of substituted for the current blade alloys, would still r esult in a saving of 

" r 
about 80 percent of the critical cobalt. It is of interest to note that B 4 C - Fe, 

., 
although relatively low in strength at temperatures below 2200 0 F, exhi­"" 

bits less decrease in strength with increasing temperature than the 

rn.etal bonded TiC bodies. At tern.peratures above 2200 0 F, it thus has 

a considerable margin of superiority. Thus relative strength at low tem­... 


.... " peratures is not an indication of strengths at very high temperatures . 


., 
T h e intermetallic MoSi shows highe r strength at a ll of these2 

"' high temperatures. The two plotted curv es for MoSi show the increase
2 

',,-;' 

in strength w e have made by research that has enable d us to increase 

~ the density by 5 percent. 

". T h ese m ater ials have serious drawb acks because of their 

brittlenes s a nd ve ry high hardness . This results in l ow rn.echanical 
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~ 

shock resistance and d ifficulty in the fabrication of such complicated 

, shapes as turbine blades. They cannot to date be made to s hape by 
~ 

relatively simple casting or forging techniques, but must be made by 

powder metallurgy methods. 
,,~ 

To demonstrate the desirable properties of one of the material s .. ~ 
of low critical element content which we are making, we have chosen 

..... .1-)­

,... ~ MoSi . Probably the best reason for this choice is its oxidation resis­
2 

tance. Most of the carbides are bad in this respect, whereas MoSi is 
2 

exceptionally good. 
? • 

Molyb denum disilicide is made from two elements which, in 
 

.. 
• their elemental form, are both very poor in resistance to oxidation. 
 

... . This may be demonstrated by heating a bar of pure molybdenum.~ 

• y ~ 

Demonstration. - We can see from this demonstration (Ref. 


... 
." 

color photo) that heating pure molybdenum to only 1500
0 

F re sults in 


~ r 

rapid oxidation and gives off a white cloud of smoke which is the oxide 
.- , 

of molybdenum. However, when we combine Mo with silicon to form the 

.... 
MoSi2 and make a body, it shows a remarkably clean surface after 150 

, ."" 
hours at 2000 0 F. It has better oxidation resistance than any current 

high-temperature alloy. W e have in the se boxes a specimen of the new 

material and one of a representative high-temperature a lloy. Both have 

o 
been subject e d to 2000 F for 150 hours. The differences in resistance 

to oxid a tion are apparent. 

D emons tration - To demon s trate the r e l a tive stre ngth of t his 

mate rial at high temperat ure, w e have p repared a simple setup con­
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.,. 


tain ing a test bar of the new material, and, for comparativ e purposes, a 
..... 

bar of one of the best known super-alloy b lade mate rials whi ch comins 

• 
~ 

about 60 percent cobalt, which is a highly critical element. Each of the 
,.I'. 

~ . two test bars is supported upon two knife edges within an induction coil. 
.;. 

Both are loaded at the center by a dead weight which gives a maximum.. 
v~ stress of about 25,000 pounds per square inch in each specimen. They 
," . 

will both be heated to about 2000 0 F and we may observe the results. We 
• > 

see that the super-alloy fails by a very large deformation. Our non-critical 

material has survived the load and tempe r ature without indication of> • 
 

failure. Its short-time strength at high temperatures is superior to that 
 

.. 
of the best known alloys of today. We have yet to evaluate the long-time 
 

." 
 strength of this new material. 

. ., 
Demonstration. - We have prepared a demonstration to illustrate 

't 

how the new non-critical alloy, although britEe at room temperature, re­

sists thermal shock. In thissrnall furnace I have specimens of our MoSi 
2 

at a red heat. I wHl remove a specimen from the furnace and quench it 

'" 
../ in that beaker of ice water. The severity of quench is such that it will 
 

. ­
break a good ceramic. As you can see, the MoSi has remained undamaged.

2 .. 
Another inherent advantage of the new material i s its low density. 

The density of common high-temperature alloys runs around 585 pounds 
.,.. ."" 
 

per c ubic foot . T he d ensity of the new material is about 3/4 of these a l ­

l oys . T his results in two very desirable effects, first the use of the 
. 

mate rial would reduce the overall w e ight of the aircraft propulsion 
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system. Secon dly, for applications where the stress is determined by 

cen trifuga l force, for example turbine blades , the str e s s will b e low er 

for the lighter materials. It is thus not necessary for the material to be 

,.., able to withstand as high stresses, for its strength-weight ratio is high. 

Thus, an allied material, one of the TiC ceramals has, for example, .. ~ 
.J''' operated for over 100 hours at moderately severe turbine conditions . 
 

,." 
 
As mentioned previousl y, the superior properties of MoSi and 

2 

• 
I • 

allied materials for engine use are offset by other properties such as 

., ~ 

high hardness and brittleness which are disadvantages in the handling 
 
> • 
 

and fabrication of d ifficult shapes like turbine blades. Considerable re­

~ search on fabrication methods as well as on long-time properties will 
'-( 

.~ ... be required before MoSi becomes a practical turbine-blade material 
2 

., .. 
that can make important savings in the use of critical materials. 

~ 

In summarizing, it may be seen that an urgent problem for ma­

terials research today is the reduction of the use of scarce elements in 
,. , 

the jet engine. Several approaches to the problem exist. We have pre­

"" sented our work along one of these approaches, that is, studies of new 
." 

materials having reduced critical element content. We have shown the 

.. 
possibilitie s in this attack by demonstrating MoSi , a new material having 

2 

good s trength at temperature, good thermal shock resistance, extremely 

good oxidation resistance, and low density. Furthe r immediate r esearch 

is needed t o develop this and other sim ila r mate~ials and to dev ise 

,< 
m e thods of fabricating these materials into complicated shapes so that 

.~ 

.. .;. 

,.< 
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they m.ay be p l aced into the hands of the designer as a practical high­

tem.perature material. 

We will now present our research along still another approach 

.,. 	 to the problem of reducing the use of critical materials in engines. Mr 

Manson will discuss this topic... ~ 
- .~ 
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~ 1949 INSPECTION OF THE NACA LEWIS LABORATORY 
... " TALK ON STRESS AND VIBRATION 
.,. ~ 

Presented by Mr . S. S. Manson or Mr . W. F. Brown, Jr. 

in 

CE-6, ERB 

(See stage photo C-24l54 and color photo) 

-~ Another method of alleviating the strategic materials 

..,.~ problem is to insure that each part of the engine is 
 

designed to incorporate a minimum amount of material 
 

,. necessary to perform its intended function. In this 
 

:}, way, not only is strategic material conserved, but the 

weight of the engine is kept at a mi n imum which is also 
,~ 

'1 

... an i mport ant consider ation • 

,~ TURBINE DISKS 
- ~ ~ 

Considerable attention has, for example, been directed 

to the turbine wheel. We have taken measurements of the 

. ' temperatures of the various parts of typical turbine 
,- , 

wheels and now know fairly well the conditions to which 

such wheels are s ubjected. We now can also be sure of..... 

~... the soundness of disk materials as a result of the ex­
".. . 

cellent progres s tha t has been made by t he manufacturers 

i n fabricating sound fo r gings. We have, therefor e , 

devised a mat hemat ical method of design which insures 

that each part of the disk is s tre s sed to a uniform 

factor of safety at its operating temperature, thereby 

minimizing t he mate r ial necessary to carry the total load. 



- 2 ­


Calculations based on this method indicate that consider­

ab l e s avings in turbine wheel weigh t can be effected. 

In some designs , the most obvious a pproach i s by reduction 

.. in diameter as diamete r is, by far, the most important 
i; -~. 

single factor affecting wheel weight. In other engine 
t," • 

.. ,. 
 
types, fo r example this one, in which excellent progress 

is being made by the manufacturer in progressive redesign 
 
,,. 

to reduce the weight, the most profitable approach is 
" ~ 

, > 	 
by reduction in disk thickness. For example, by removal 

of the metal represented by these alumi num sections, 50'* .> 
pounds of strategic material can be saved. To evaluate 

this thinner design, we have machined a wheel to this 

contour and have given it a proof test in a spin pit at 

a s peed s ligh tly h i gher t han that to which the production 
~ 	 

model of this heavier wheel is subjected before placing 

it in service. It was able to withstand this proof test 

without difficulty. We are now testing the wheel in a 

turbine and to date more than 50 hours of running time 

have been accumulated, approximately 20 percent of this 
.... 

time being at the full rated speed of the engine. So 
.~ 

~" 	 
far, no problems have developed but we must give the 


whee l more running t i me to insure that problems do not 


deve l op . For example, one type of prob lem that might 


be an t icipated is tha t of vibr ation - a prob lem that was 


encountered ea r l y i n t he development of steam turb ines . 


We can, perhaps, best demonstrate the vibration problem 


.-. 
 

.. 
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.... 
'. by reference to this very thin disk. Of course, we 

"'\....... 
don't expect to use such thin disks in an engine, but 

." .. 
 
it i s usefu l f or demons trat i on purpose s becaus e of the 
 

.. 	 large amplitude of vibration that can be induced• 
t o ...... 

Corresponding 	serious vibration in disks of more reason­... 
able thickness 	would be so small that they would have 

.... » 

• to be measured by very sensitive instruments • 
->~ 

The disk is mounted in an electronic exciter that 
..-. 

produces impacts on it simulating those produced in the 
• 
~ actual engine by the impingement of the hot gases. We 
..» 

have set the exciter frequency to correspond to one of 

the lower mode natural frequencies of the disk and we 

~ will now view 	the vibration in stroboscopic light.
~ 

~ 	 DEMONSTRATION 
 
~
.. 

This is one mode in which the amplitudes are high-. ~ 

y and can, therefore_, be studied visually. In other modes,
~ 

~ 	 the amplitudes are small and the best approach is by the 
_ ~r 

,-. 	 use of sand patterns. We sprinkle sand on to the disk 
 

and set the frequency of vibration to higher values 
 
... 

corresponding 	to actual natural frequencies of the 
.~ 

wheel. The sand naturally tends to pile up at points...~ 
~ of minimum vibration and forms a pa ttern characteristics 
...., 

of the mode of 	 vibration. We- wiil now observe several 
~-.~ 

.... ~ of these modes • 

...~ DEMONSTRATION 

A large number of vibration modes are possible,.... 
anyone of whi ch mi ght be encoun t ered in the engine. 

Hence, we must be very carefUl before recommending very 

~, 
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thin disks arrived at pure l y on the basis of stre s s 

analysis . 

HOLLOW TURBI NE BLADES.. . 
l 'a Another component that r ea dily lends i t self to 

strategic material reduction by redesign is the turbine 

blade. For example, we could go to hollow blades which 

• 	 not only l end themselves to cooling as is being dis­
~ . 

cuss ed elsewhere today, but are in themselves lighter 
<4 ' • 

a nd a lso r equire lighter wheels to carry them. However, 

I~ hollow blades do have problems and one which we a re 
, -. ~ 

particularly concerned wi th is the vibration problem. 
) . 

In a tes t comparing t he vibr a tion char ac terist i cs of 

.. .. 	 this simple holl ow blade t o a s olid blade of t he same 

external con tour, the hollow b lade was found to have 

twice as many fre quencies at which vibr a tion could be 

excited within the operat ing range of the engine as the 

so li d b l ade . One of the mor e s eriou s of the s e vibrat ion 

... 	 modes i s t he breathing mode in which the two halves of 

the bla de move toward a nd away from each o ther produc i ng 
... 

high stress concentrations at the lea ding and trailing
.' 

edge . Such vibrations have been t he source of blade ... ­
f ai l ures in engines incorporating this type of b l ade . 

We can, perhaps, best demons tra t e by r eference to this 

large scale model. The blade i s mounted in an electronic 

exciter and I can set the frequency of vibration to 

correspond to one of the breathing modes. 

t· 
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"I .... DEMONSTRATI ON 
-.. 


A large number of vibrati onal modes are possible 


... and the quest i on arises as to the best means of preventing 


these vibrat i ons. One method is by the use of stiffners 


such as t hose in this model. The s e stiffners a lso se r ve 


a ve r y i mportant purpose f r om the heat t r ansfe r po i nt of 


view a s is be i ng dis cussed elsewhere t oday. Fr om our 

~ 

viewpoint , t hey s erve t o tie t he t wo halves of the b l a de 
 

... 
 togeth er, t he r eby preventing t hem f r om moving r elative 

to each other, and eliminat i ng s ome of t he modes of vi ­-
.) 

». brat i on . I n a test in which we compare the vib r a t ional 

" characteris t ics of t his thin blade wi th a solid a nd a 

hollow blade of the same externa l contour, the thi n blade 
~.,. 
.... 	 has essentially the same vibrational cha r acteri s t ics as 

... 1 the solid b lade, the r eby indicating t hat we did not ex­... 
pec t to encount er any vibration problems wi th t he thin 

, 
... 	 blade tha t we have no t already s tudi ed in connection wi t h 

~. solid blades . 

Ano ther me t hod is by the use of vibr a t i on dampners .. ~ 
,!o,' 	 inserted i.nto the hollow passage . Such me thods we are 

a l s o i nvest i gat ing . 

A thi rd method is to incorporat e some damping in 

the mount. For example, one a cpr oach that has been 

suggested is the provis i on of clearance between the base 

of the blade and t he mount into which it f i ts, so t hat 

the blade is loose. If the blade tends to Vibrat e, t hi s 

looseness is supposed t o allow some rubbing, t hereby 

introducing damping which lessens t he amplitude of vibration. 

All the data 	that we have been able to obtain 
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along t his line of inves tigation unfortuna t e ly indicates 

that regardless of any looseness that might be present 

in the mounting whe n t he blade i s i ns e rted disappears 

a s the blade tightens up due to the centrifugal forc es 

resulting from the high speeds of rotation. Some 

results of our investiga tions are shown in the chart 

..... (C-24l93) • 
," 

Here we were actually studying compressor blades 

rather than turbine blades. You will notice the charac­

. ~ te r isti c ball type of mounting used in axial flow com­
~. 

pressor blades, but the implication to turbine blades 
~ 

are valid. Furthermore, compressor blades also represent 

.; 
-( co~ponents in which strategic materials can be conserved. 

..... 
At the present time, most axial-flow conlpre ssor blades 

~ ~ 

are composed of a material containing 12 percent chromium. 

In part, this i s used for corrosion resistance, but also 

because of the high internal damping capacity of this 

particular material. This damping capacity is relied 

upon t o limit the amplitudes of vibration. If dumping 

can be incorporated in other ways, then perhaps we can 

dispense with the need for strategic materials in this 

component. We are , therefore, studying blade loosene s s 

as a means of introducing this damping . 

The t est was run in a labor a tory s pin rig r ather 

than in a compressor in order that we mi ght b e able to 

vary the excit i ng forces causing the vi brations. This 
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exciting force we pl o tted along the horizontal axis. 

The rig was rotated at a speed of 15,000 rpm to produce 

t he centrifugal f or ces encountered i n the corresponding 

engi ne . The stress at the base of t he blade developed 

as a result of the exciting forces were measured and 

these stresses we have plotted along the vert i cal axis. 

As you see, the stresses for both the loose blade, in­

• dica ted by the circles, and the tight blade, indicated 

by t he squares, were essentially the s ame. The r elation 

., is linear and builds up fairly rapidly to a stress at 

which we would expect the blade to f ai l after a short 

period of vibration. At the high centrifugal f orces, 

,~ 
'1 	 the loose blade is, t herefore, no more effective in 
 

produ cing dampi ng than a t i ght blade. 
 
~. 

.... 

.-

..... 

J" 

Paradoxi cally enough, the best way to i n t roduc e 

use fu l friction was by the insertion of a lubricant 

be t ween t h e disk and hollow blade. We used a solid 

high pr essure lubricant and the result~ are shown i n the 

lowe r half of the chart. At any exciting force, the 

stress that built up was lower than the corresponding 

st r e s ses in either the loose or tight unlubricat ed blade 

and the s t r ess l eveled of f at the high exciting f orces 
" 

"'< 

so t ha t at no r eas onable exci ting fo'rce ' would i t ever 
 

reach t h e maximum al l owable value. \Vhile we" have not, 
 

as yet, subs tantiated thes e results in an actual com­


pressor, we see no reason why they should not be 
 .. ' 
applicable to compres sors. For turbines , the problem is, 

perhaps, a little more difficult in that a lubricant must 
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.~ 
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be found to withstand the high temperatures encountered 

in turbine rims. However, at least a method of approach 

is i ndicated. 

~ 



~ 

"" ..., 	 LIQUI D COOLED TURBINE BLADES 
-.{­

.. Another method of r educing the strategic mate r i al 
.'. 

conten t of the jet engine i s by the use of the liqui d­
~ ... 

cooled turbine blade. Here we have a model of the 

• 	 liquid-cooled turbine blade in which has many coolant 
.r 

passages for the purposes of demonstration; the thought 
~. 

being, of course, that coolant will pass through these 

holes and cool the outside surfaces of the blade and, 

therefore, make possible the u se of a non- s trategic 

~. 

.> 	 material. These blades are being discussed elsewhere 

• 	 f rom a thermodynamic standpoin t . However, I should like 

to point out some of the i r s t ress problems. 

The sur fa ces i n contac t wi th the coolant will be 

cons ider ably cooler than the outside surface s in contact 

with the hot gas es and, t herefore, the inside surface s 

wi ll want to expand l ess than the out side elements. 

This differential expansions gives rise to a system of 

thermal s tresses across the blade section. These thermal 

stres s es can be calculated by mathematical means , however, 

.­ in order to obtain accurate resul ts, the calculations 

become extremely time cons umi ng and t edious . Th erefore , 
,-. 

• 
in order to work mor e e f fic i ently , we are supplementing

"" 
the ma t hemat ical approach with t he experimen t al attacks • 

.... 
One exper i mental me t hod is based on an analogy f irst 

recognized by Biot. Here we make use of a plastic model 

of a liquid- cooled blade section. A slot is perpendicularly 



.. 
J ... cut fr om the outside surface, passing through the blade 
~ 
 

.. .~ -t~ t o the inside surface of the cooling hole. Given a
 

t emperature gr adi ent, then we can calculate mathematically 

just what displacements mus t be given to t he sides of 

these slots to produce in the model a system of mechanical 
• 
..... 

• stresses equivalent to a system of thermal stresses which 
~~ 

would have been produced by the selected temperature 
to. 

-.. gradient. The mechanism by which we produce these 

.., relative motions is called a deformator, a model of 

which is shown here. By turning these micrometer screws , 
.~ 

)~ we are able to produce these motions of the sides of 

the slots. In the actual experiment, the model, with 

its defo rmator, is placed in a field of polarized light 

and photoe last ic me thods are u s ed t o dete rmi n e t he 

magnitudes of the stresses. We h ave prepared a Bakelite 

model of a liquid-cooled blade section. This model is 
, 

mounted in a polaroscope and for the purposes of 

demonstra tion, it has been suspended from a simple type 

of deformator which merely forces apart and releases 

the sides of the slot. When I turn on the motor which 

actuates this mechanism, you will see that colored fringes 

pas s acr oss the blade s ection . The number of frin ges 
'" pass i ng a given point i s rela ted t o the magnitude of 

the stre s s a t t hat po int • 
... 

DEMONSTRATION 
;. 
' .. 

.. Now, you wi ll notice that at the center, the fringes 
_.. 

converge and t his is, therefore, a point of minimum 



, "1 .. stress. At t he point s ad j acent to these surfaces, a ... 
4<1' 	 large number of fringes pass and, therefor e, these are 

... regions of high stress . Calculations based on the 
...., .. 	 mat hemat ical appr oach and substantiated by expe r imental 

methods i ndicate that for a temperatur e di f ference of 

5000 tha t stresses in the order of the yield point of 

mo st me tal s are produced . At the present time, we are 
.... 

.,. not certain of the true signifi can ce of such thermal 


stresses, however, we are concentrating our e ffort s on 


dete r mi ning t heir magnitude and correlat ing these wi th 
.' .. a ctual b l ade pe r f ormance • 

CONCLUDING REMARKS 

Gent lemen , t hese a r e but a few of the pr oblems .. .. 
whi ch we enc ounter wben we attempt to r edesign jet-engine..... 
 

.. components on t h e bas is of l ower s trategic material 
 

con t ent a nd to r educe t he engine we i ght . We have out ­
.. 
.. lined some of the progr es s t hat has been made t o date, 

." h owever, conside rab l e more res ea r ch is ne ce s sa r y. Thi s 

effort is justifi ed by t he goal s to be ach ieved, namely, 

.... cheaper , l ighter engines, using l es s st r at egic materials • 
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