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23.1 I\TlcolN (:‘l‘lO\ 

Virtually the entire book to this point has dealt with the properties of various 
materials, how the properties of a specific material are dependent on its structure. 
and. in many cases, how structure may be fashioned by the processing technique 
that is cmploycd during production. Of late, there has been a trend to emphasize 
the element of design in engineering pedagogy. To a materials scientist or materials 
engineer, design can be taken in several contexts. First of all. it can mean designing 
new materials having unique property combinations. Alternatively. design can in- 
volve selecting a new material having a better combination of characteristics for a 
specific application; choice of material cannot be made without consideration of 
ncccssary manufacturing proccsscs (e.g., forming, welding, etc.), which also rely on 
material properties. Or, finally, design might mean dcvcloping a process for produc- 
ing a material having better properties. 

One particularly effective technique for teaching design principles is the case 
study method. With this tcchniquc. the solutions to real-life engineering problems 
are carefully analyzed in detail so that the student may observe the procedures and 
rationale that are involved in the decision-making process. We have chosen to 
perform five case studies which draw upon principles that were introduced in 
previous chapters. These live studies involve materials that are used for the follow- 
ing: (1) a torsionally stressed cylindrical shaft; (2) an automobile valve spring; (3) 
the artificial total hip replacement: (4) the thermal protection system on the Space 
Shuttle Orbiter: and (5) integrated circuit packages. 

M.ATEKlALS SELECTION FOR A TORSIONALLY 
STRESSED CYLINDRIC.41, SHAFT 

We begin by addressing the design process from the perspective of materials sclcc- 
tion; that is, for some application. selecting a material having a desirable or optimum 
property or combination OC properties. Elements of this materials selection process 
involve deciding on the constraints of the problem, and, from these. establishing 
criteria that can be used in materials selection to maximize performance. 

The component or structural clement we have chosen to discuss is a solid 



cylindrical shaft that is subjected lo a lorsional stress. . Strength of the shaft will be 
considered in detail, and criteria will bz developed for the maximization of strength 
with rcspcct to both minimum material mass and minimum cost. Other parameters 
and propertics that may bc important in this selection process are also discussed 
briefy. 

For this portion of the problem we will establish a criterion lor slection of light 
and strong materials Cor this shaft. It will bc assumed that the twisting mumenl and 
Icngth of the shaft are specified, whereas the radius (or cross-sectional area) may 
be varied. WC dcvclop an cxprcssion for the mass of material required in term? of 
twisting moment. shaft length. and densily and Ttrcngth of the material. Usins this 
expres4on. it will be possible to evaluate the performance-that is. maximize the 
strength of this torsionally stressed shaft with respect to mass and. in addition. 
relative to material cosi. 

Consider the cylindrical shaft of length I, and radiu r. as shown in rlgure 23.1. 
The application of twisting moment (or torque), M, produces an angle of twist 4. 
Shear stres 7 at radius I ib dciincd by the equation 

Hcrc. J is the polar moment of inertia. which for a solid cylinder IS 

Thus, 

2M, 
7=- 

irr’ 
(23.3) 

A safe design calls for the shalt lo be able to surtain some twi\tmg munuu without 
fracture. In order to establish a materials selection criterion for a light and strong 
material. we replace the shear stress in Equation 23.3 with the shear strength ot 
the material 71 divided by a factor of afcty N, as 

It is now necessary to take into consideration material ma&s. The maa nr of 
any given quantity of matwial is just the product of itb density (p) and volume. 
Since the volume of a cylinder is just rrr’IL then 

nz = &Lp (23.5) 



23.2 Stwpth . 737 

The parameter\ on the vi&-hand side of this equation ax grouped mlu lhrcc sts 
of parentheses. Those contained M-ithin the first set (i.c.. N and M,) relate to the 
snfc functioning of the shaft. Within the second parcnthcscs is L. a geometric 
parameter. And, finally. Ihc matwial properties of density and strength arc con- 
tained within the last xl. 



I.‘Kx 1~1 23.2 Strenglh versus density materials selection chart. Design guidelines 
for performance indices of 3, 10, 30, ad 100 (MPa)“‘m’/Mg have heen 
constructed, all having a slope of $. (Adapted from M. F. Ashby, Materi& 
Selection in Mechanical Design. Copyright 0 1W2. Reprinted by permission of 
Butterworth-Hcincmann Ltd.) 

Now, taking the logarithm of both sides of Equation 23.Y and rearranging yicldh 

log q = I log p + i log P (23.10) 

This expression tells us that a plot of log ~rvcrsus log p will yield a family of straight 
and parallel lines all having a slope of 4; each line in the family corresponds to a 
different performance index, P. There lines are termed &sifin guidelines, and four 
have been included in Figure 23.2 for P values of 3, 10, 30, and 100 (MPa)“‘m’/ 
Mg. All materials that lie on one of these lines will perform equally well in terms 



ul strength-per-mass basks; mater&s whose positions lie above a particular line 
will have higher performance indices, while those lying below will exhibit poorer 
performances. For example, a material on the P = 30 line will yield the same 
strength with one-third the mass as another material that lies along the P = IO line. 

The selection process now involves choosing one of these linc~, a “selection 
line” that includes some subset of these materials; for the sake of argument let us 
pick P = 10 (MPa)*“m’/Mg, which is represented in Figure 23.3. Materials lying 

1 1~1 1~1 2I.:i Sircnglh vwsus density materials selection chart. Those materials 
lying within the shaded region are acceptable candidales for a solid cylindrical 
shaft which has a mass-strength performance index in excess of 10 (MP~)%I~I 
Mg, and a strength of at least 300 MPa (43,500 psi), (Adapted from M. F. 
Ashhy, Materiok~ Selection in Mechanical Des&n. Copyright Q 1992. Reprinted 
by permission of Butterworth-Heinemann Ltd.) 



along thib line OY above it arc in the “xarch reg(~r~C or the d~ag~alri ami <,Ic‘ pasihl~ 
candidates for this rotating shaft. .I’herc include wood products. some plastic& II 
number of engineering alloys. the engineering composites. and glasses and engi- 
wering ceramics. On the basis of fracture toughness considerations. the engineering 
ceramics and glasses are ruled out as possibilities. 

Let us now impose a further constraint on the problem. namely that the strength 
of the shart must equal or cxcccd 300 MPa (43.500 psi). ‘l‘hi5 may bc rcprcscntcd 
011 the materials seleclion chart by a horizontal line constructed at 300 MPa. Kguvc 
23.3. Now the search region is further restricted to that a~-ea above both of these 
lines. Thus. all wood products. all engineering polymers. other cngincering alloys 
(viz. Mg and sane Al alloyc). as well as some engineering composites are eliminalcd 
as candidates; steels. titanium alloys hi&strcngth aluminum alloys. and the rn$ 
ncermg camposltes remain as possibilities. 

At this point WC arc in a position to evaluate and compare the Wcngth pcrfor- 
mance behavior of specific malevials. .I’ablc 23. I prcscnts the density, strength. 
and strength pel-formance index for three engineering alloys and two engineering 
composites. which WCI’C dccmcd acceptable candidates from the analysis using the 
materials selection chart. In this table, slrcngth was taken as 0.6 times the lensile 
yield rtrcngth (for the alloys) and 0.6 times the tensile 5lrcnglh (for the composites): 
these approximations wcrc ncccssary since we are concerned with strength in torsion 
and torsional strengths are not readily available. Furthwmors. for the two engi- 
neering composites, it is assumed that the conlinuou~ and aligned glass and carbon 
Gbers are wound in a helical fashion (Figure 17.14). and at a 45” angle vcfcrcnccd 
to the shaft axis. The live matwials in Tahlc 23. I are Iranked according to strength 
performance index. from highest to lowest: carbon libcr-reinforced and glass fiber- 
reinforced conqxxitcs, followed by aluminum. titanium, and 4340 steel alloys. 

Material cat ib another important consideration in the selection process. In 
real-life engineering situations. economics of the application often is the overriding 
issue and normally will dictate the material of choice. One way to dctcrminc materi- 
als cost is by taking the product of the price (on a per-unit mass bais) and the 
required mass of material. 

Cost considerations for these five remaining candidate materials-steel. alumi- 
num, and tit;mium alloyc. and two cngincering composites-are presented in Tahlc 



23.2. In the tint column is tabulated p/77’. The next column l&t, th< approx~matc 
relative cost. denoted as C; this paramctcr is simply the per-unit mars cost of material 
divided by the per-unit mass cost for low-carbon sreel. one of the common engi- 
neering materials. The underlying rationale for using C is that while the price of a 
specific material will vary over time. the price ratio bctwccn that material and 
anothcl- will. most likely, change more slowly. 

Finally, the right-hand column of Table 23.2 shows the product of p/.ii.’ and 
?. This product provides a comparison of these ?cvcral materials on the basis of 
the cost of materials for a cylindrical shaft that would not fracture in re~ponx to 
the twisting moment M,. We use thib product inasmuch as pirjl’ is proportional to 
the mass of material required (Equation 23.X) and C is the relative co?t on a pcr- 
unit mass basis. Now the most economical is the 4340 steel. followed by the glass 
fihwrcinforccd composite. 2024T6 aluminum, the carbon Gber-reinforced compos- 
ilc. rind the titanium alloy. Thus. when the issue of economics is considered, there 
is a significant alteration within the ranking ~chcmc. For cxamplc, inasmuch as the 
carbon tihcr-rcinforccd composite is relaliwly expensive, it is significantly less 
dcsirablc; or. in other words. the highrr cost of this marerial may nut outweigh the 
enhanced strength it provides. 

To this point in our mat&& selection proce~ we have considered only the btrrngth 
of materials. Other properties relative to the performance of the cylindrical shaft 
may be importan-for example, stiffncs% and. if the shaft rotatu, fatigue hchavior. 
Furthermore. fabrication costs should also be considered; in our analysis they have 
been neglected. 

Relative to stiffness, a stiffness-to-mabs pcrformancc analysis similar to thal 
above could he conducted. For this case, the stiffness perrormance index P, is 



where G is the bhear modulus. The approprmrc mater& sclcct~on chart (lug G 
versus log p) would be used in the preliminary selection process. Subsequently, 
performance index and per-unit-mass cost data would be collected on specific 
candidate materials: from these analysts the materials would be ranked on the basis 
of stiffness performance and cust. 

In deciding on the best material, it may be worthwhile to make a table employing 
the results of the various criteria that wcrc used. The tabulation would include, for 
all candidate materials, performance index, cost, etc. for each criterion, as well as 
commcnts relative to any other important considerations. This table puts in pcrspcc- 
tive the important issues and facilitates the final decision process. 

.~U’1’0M0kilLE V.ALVE SPRING 

The basic function of a spring is to store mechanical energy as it is initially elastically 
deformed and then recoup this energy at a later time as the spring recoils. In this 
section helical springs that are used in mattresses and in retractable pens and as 
suspension springs in automobiles arc discussed. A stress analysis will be conducted 
on this type of spring, and the results will then be applied to a valve spring that is 
utilized in automobile engines. 

Consider the helical spring shown in Figure 23.4. which has been constructed 
of wire having a circular cross section of diameter d; the coil center-to-center 
diameter is denoted as D. The application of a compressive force Fcauscs a twisting 
force. or moment. denoted T, as shown in the figure. A combination of shear stresses 
result. the sum of which, 7, is 

where K,,. is a torte-mdependent wnstant that is a lunctlon ot the D/d ratio: 

(23.13) 

Iill. INI a.4 Schcmarll 
diagram of a helical spring 
rhowing the twisting mmnent I 
that results irom lhe 
compressive torte I; (Adapted 
from K. Edwards and P. 
McKee, ~~~niinmenlair o,[ 
Mechanical Cornponerzr De\igrt. 
Copyright 0 1YY1 by McGraw- 
Hill, Inc. Keproduccd with 
permiGm of The McGraw- 
Hill Compenics.) 
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ia, ibi 
I 11.1 INI Xl..3 Schematic diagrams of one coil oi a helical spring, (a) prior LU 
being compresed, and (h) showing the dcflcction S, produced from the 
comprcskw force F. (Adapted from K. Edward? and P. McKee, Fumiiom~wuul~ 
o/‘Mechanicd Corrrponmt Des&w. Copyright 0 1991 by McGraw-Hill, Inc. 
Rcproduccd with permission of The McGraw-Hill Companies.) 

In response to the force F. the coiled spring will experience deflectwn. which 
will be assumed to be totally elastic. The amount of deflection per coil of spring, 
a,, as indicated in Figure 23.5, is given by the expression 

where G is the shear modulus of the material from which the spring is constructed. 
Furthermore, 8‘ may be computed from the total spring deflection, S,, and the 
number at’ rffrctive spring coils, N, , as 

Now, solving for Fin Equation 23.14 gives 

and substituting for Fin Equation 23.12 leads to 

(23.17) 

Under normal circumstances, it is desired that a spring experwu nu pzrmancnt 
deformation upon loading; this means that the right-hand side of Equation 23.17 
must be less than the shear yield strength 7> of the spring material. or that 

(23.1X) 

Wr shall now apply the rc\ult\ of the preceding action to an automobile valve: 
spring. A cut-away schematic diagram of an automobile engine showing these 
springs in prcscnted in Figure 23.6. Functionally. springs of this type permit both 



Intake and zxhaust valves to alternately open and clox as the engm~ 15 III o,x’“t’u”. 
Rotation of the camshaft causes a valve to open and its spring to be compressed. 
so that the load on the spring is increased. The stored cnwgy in the spring then 
forces the. valve to close as the camshaft continues its rotation. ‘This process occurs 
for each valve for each engine cycle, and over the lifetime of the engine it occurs 
many millions of times. Furthermore, during normal engine operation. the tcmpera- 
ture of the Fprings is approximately 80°C (175°F). 

A photograph of a typical valve spring is shown in Figure 23.7. The spring has 
a total length of 1.67 in. (42 mm), is constructed of wire having a diameter d of 
0.170 in. (4.3 mm), has six coils (only four of which arc active), and has a ccnter- 
to-center diamctcr D of I.062 in. (27 mm). Furthermore. when installed and when 
a valve is completely closed. its spring is compressed a total of 0.24 in. (6.1 mm). 
which. from Equation 23.15. gives an installed deflection per coil & al 

fi = 0.24in. 
,< ~ = 0.060 in.icoil(l.5 mm/coil) 

4 coils 

The cam lift is 0.30 in. (7.6 mm), which means that when the cam complctclg opens 
a valve, the spring experiences a maximum total deflection equal to the sum of the 
valve lift and the compressed deflection, namely, 0.30 in. + 0.24 in. = 0.54 in. (13.7 
mm). Hence, the maximum deflection per coil, S,,,, , is 

&,,, = 
0.54 in. 
~ = 0.135 inJcoil(3.4 mm/toll) 
4 coils 



I Iowever. the material paramctcr oU interat is really not 7, inasmuch as the 
spring is continually stress cycled as the valve opens and closes during cnginc 
operation: this necessitates designing against the possibility of failure by iatiguc 
rather than against the possibility of yielding. This I‘atigue complication is handled 
hy choosing a metal alloy that has a fatigue limit (Figure X.220) that is greater than 
the cyclic slress amplitude to which the spring will hc subjcctcd. For this rcaron. 
steel alloys. which have fatigue limits. arc normally employed for valve springs. 

When using steel alloys in spring design. two assumptions may he made if the 
stress cycle is reversed (if T,,, = 0. where T,,, is the mean stnsss. 01, equivalently. if 
~,,I.,, r ,,,,, j. in accordance with Equation 8.21 and as noted in Figure 23.X). The 
first of these assumptions is that tbc latiguc limit of the alloy (expressed as stress 
amplitude) is 45.000 psi (310 MPa). the threshold of which occurs at about 10” 
cycles. Secondly, for torsion and on the hasis of cxpcrimcntal data, it has been 
found that the fatigue strength at 10’ cycles is 0.67TS, wherr I’S is the tensile 
strength of the material (as measured from a pure tension test). The S-N fatigue 
diagram (ix.. blress amplitude versus logarithm of the numhel- of cycles to failure) 
for thex alloys is showr in Figure 23.‘). 



Nu\v 121 LIZ at~mdtc the number of cycles to which a typ~al valve sprung may 
tx hubjected in order to determine whether it is permissible to operalz within the 
faiguc limit regime of Figure 23.9 (ix.. ii’ the number of cycles exceeds 10’). For 
the sake of argument, assume that the automobile in which the spring is mounted 
travels a minimum of 100.000 miles (lhl.OOO km) at an average speed of 40 mph 
(64.4 km/h), with an average engine speed of 3000 rpm (revimin). The total time 
it takes the automobile to travel this distance is 2500 h (100.000 mii40 mph). or 
150.000 min. At 3000 rpm. the total number of revolutions is (3000 rev/min)(150.000 
min) = 4.5 X 108 rev. and since there are 2 rev/cycle, the total number of cycles is 
2.25 x 10”. This result means that we may use the Catiguc limit as the design 
stress inasmuch as the limit cycle threshold has been exceeded for the lOO.OOO-mile 
distance of travel (ix., since 2.25 X lo” cycles > 10” cycles). 

Furthermore, this problem is complicated by the fact that the stress cycle is 
not completely reversed (i.e., 7,tz # 0) inasmuch as between minimum and maximum 
deflections the spring remains in compression: thus, the 45.000 psi (310 MPa) fatigue 
limit is not valid. What we would now like to do is first to make an appropriate 
extrapolation 19 the fatigue limit for this T,,, # 0 case and then compute and compare 
with this limit the actual stress amplitude for the spring: if the stress amplitude is 
significantly below the extrapolated limit. then the spring design is satisfactory. 

A reasonable extrapolation of the fatigue limit for this r,,, # 0 situation may 
be made using the following expression (termed Goodman’s law): 

.;,=.jl -&) (23.19) 

where T,,, is the tat&e limit for the man stress T,,,: T< is the tatlgue hmo lor T,,, = 0 
[i.e., 45,000 psi (310 MT%)]: and, again, TS is the tcnsilc strength of the alloy. To 
determine the new Catiguc limit TV, fi-om the above expression necessitates the 
computation of both the tensile strength of the alloy and the mean s~rcss for 
the spring. 

One common spring alloy is an ASTM 232 chrome&vanadium steel. having a 
composition of 0.48-0.53 wl% C, O.XO~1.10 wt% Cr. a minimum of 0.15 wt% V. 
and the balance being Fe. Spring wire is normally cold drawn (Section 12.2) lo the 
desired diamctcr: consequently, tensile strength will incrcasc with the amount (11 



(0.060 in.)( 11.5 X 10” ps1)(0.170 in.) 
‘7( 1.062 in.)’ 

I (0.135 in.)( 11.5 X IO” psi)(O.170 in.) 
7r( I .(I62 in.)’ 

][1.6” (E) ‘y 

= 92.200 phi (635 MPa) 

Now. from Equation 23.21, 

41,000 psi + 92,200 psi 
2 

= 66,600 psi (460 MPa) 

‘I hc variation of shear slrzss with time l’or this valve spring is noted IFI I+I~uI< L.i.lW 
the time axis is not scaled. inasmuch as the time scale will depend on enfiinc speed. 

Our next objective is to determine the fatigue limit amplitude (Q) for this 
T,. = 66.600 psi 1460 MPa) using Equation 23.19 and for -i. and TS values of 45.000 



pi (310 MPa) and 227.200 psi (1570 MI%), respcctiv<l) Ihu 

= 25.300 psi (175 MPa) 

Ihu, the actual stress amplitude is slightly greater than the falipuc 111n11, whrch 
nxnns Ihat this spring design is marginal. 

The faliguc limit of this alloy may bc increasd to greater Lhan 25.300 psi (175 
M t’a) by shot peening. a procedure described in Section 8. I I. Shot pcening involves 
the introduction of residual compressive surface stresses by plastically deforming 
outer surface regions: small and very hard particks are projected onto the surface 
at high velocities. This is an automated procedure commonly used to improve the 
faliguc resistance of valve springs; in fact. tht: spring shown in Figure 23.7 has been 
shol pecncd, which accounts for i(s rough surface texture. Shot peening has been 
observed lo increase the fatigue limit ol‘stcel alloys in excess of 50% and, in addition, 
to l-educe significantly the degree of scatter of fatigue data. 

This spring dcTign. including shot peening, may bc wtisfaclory: howevex its 
adequacy Thould be verified by experimental testing. The lesting procedure is rela- 
tively complicated and, consequently, will not be discussed in detail. In essence. it 
involves performing a relatively large number of fat&c tests (on Ihc order of 1000) 
on this shot-peencd ASTM 232 steel, in shear. using a mean stres of 66.600 psi 
(460 MPa) and a stress amplitude of 25.600 phi (177 MPa). and for 10” cycles. On 
the bask of the number of failures. an estimate of Lhc survival prohabilily can he 



Suppose that you al-e emptqed by one of rhe large automobile companies that 
manufactures on the order of I million cars per year. and that the engine powering 
each automobile is a six-cylinder enc. Since for each cylinder there arc two valves, 
and thus t\w valve springs, a total of 12 million springs would be produced evesy 
year. For the above survival probability rate. the total number of spring failures 
would be approximately 120. which alto corrcrpondr to 120 cnginc failures. As a 
practical matter. one would have to weigh the cob1 ol replacing these 120 engines 
against the cwt of a spring redesign. 

Redesign options would invotvc taking mcasurcs to rcducc Ihc shear ~lresszs 
on the spring. I~? altering the paramclerii in Equation, 23.13 and 23.17. ‘This would 
include tither (1) increasing rhe coil diameter D. which would also necessitate 
increasing the wire diameter d, or (2) increasing the numhcr of coils V,. 

ARTIFICIAL TOT.iL RIP REPLACEMENTv 

As a prelude 10 &cusGng the artificint hip. Ier us first brief) address some of the 
anatomical features of joints in general and the hip joint in particular. The joint is 
an important componcnc of lhc skeletal system. 11 is located al bone junctions, 
where loads may be transmitted from bone to bone hy muscular action: this is 
normally accompanied by xxne relative motion of the componcn~ bones. Boric 
tissue is a complex natural composite consisling of sol‘t and sUong prolein collagen 
and hricllc apalile. which has a density between 1.6 and 1.7 g/cm’. Being an aniso- 
tropic material. the mechanical properties of hone differ in longitudinal (axial) and 
rransverse (radial) directions (Table 23.3). The articulating (or connecting) surface 
of each joint is coated with cartilage. which consist5 of body fluids thal lubricate 
and provide an interface having a very tow coefficienr of friction so as to facilitate 
the bone-sliding movement. 

The human hip joint (Figure 21.1 I) occur\ al Ihc junCtion b~lwccn thz pelvis 
and the upper leg (thigh) bone, or femur. A r&lively large range of rotary motion 
is permitted al the hip by a ball-and-socket type of joint: the tap of the fcmul 



trrminatcs in a ball-shaped head that tit\ into a cuplikc cawty (the acetabulum) 
within the pelvis. An x-ray of a normal hip joint is shown in Figure 23.12~~. 

This joint is susceptible to fracture, which normally occurs at the narrow region 
just below the head. An x-ray ol a fractured hip is shown in Figure 23. I2h: the arrows 
show the two ends of the fracture line through the femoral neck. Furthermore. the 
hip may become discased (osteoarthritis); in such a cast small lumps of boric form 
on the rubbing surfaces of the joint. which causes pain as the head rotates in the 
acetabulum. Damaged and diseased hip joint? have been replaced with artificial 
or prosthetic ones. with modcrate success, beginning in the late 1950s. ‘l‘otal hip 
replacement surgery involves the removal of the head and the upper portion of the 
femur. and some of the bone marrow at the top of the remaining femur segment. 
Into this hole within the center of the femur is secured a mrtal anchorage rtem 



onto which is attached. at its other end. the ball portion of the joint. In addition. 
the rcplaccmcnt cup socket must bc attached to the pelvis. This is accomplished 
by removal of the old cup and its surrounding hone tissue. The ncu’ socket is affixed 
into this recess. A schematic diagram of the artificial hip joint is prcscntcd in Figure 
23.13~: and Figure 23.13h shows an x-ray of a total hip replacement. In the remainder 
of this section WE discuss material constraints and thox materials that have been 
used with the greatest degree of success for the variou artilicial hip components. 

In essence. there are tour basic components to the artificial hip: (I) the fcmorai 
stem, (2) the hall that attaches to this stem. (3) the acetabular cup that is arfixcd 
to the pelvis, and (4) a fixation agent that sccwcs the stem into the femur and the 
cup to the pelvis. The property constraints on the mntcrials to be used for these 
elements are very stringent because of the chemical and mechanical complexity of 
the hip joint. Some of the requisite material characteristics will now be discussed. 

Whcncvcr any foreign material is introduced into the body awironment, rejec- 
tion reactions OCCUI. The magnitude OC rejection may range from mild irritation or 
inflammation to death. Any implant material must be biocomprtible, that is, it must 
product a minimum degree of rejection. Products resulting from reactions with 
body fluids must bc tolerated by the surrounding body tissues such that normal 
tissue runction is unimpaired. Kiocompatibility is a function of the location of the 
implant, as well as of its chemistry and shape. 

The body fluid consists of an aerated and warm solution containing approxi- 
mately I wt% NaCl in addition to other salts and organic compounds in relatively 
minor concentrations. Thus. thz body fluids are very corrosive. which, for metal 
alloys can lead not only to uniform corrosion, but also to crcvicc attack and pitting 
and, when stresses are present, to fretting, stress corrosion cracking. and con-asion 
fatigue. It has been estimated that the maximum tolerable corrosion rale for implant 
metal alloys is on the order of 0.01 mil per year (2.5 x IO -I mm per year). 



Another adverse conszquzncc of corrosion ib the ~cn~rar~u~ ot WIIOSIUII prude 
UCI~ lhal arc tither toxic or inlerferc with normal hody functions. These suhslanccb 
are rapidI!> travported throughout the hody: some may szgcgatc in specific organs. 
Even though others may he excreted from the body. they may ncvcrtheless still 
pcnist in relatively high concentrations by virtue of the ongoing corrosion process. 

‘lhc boner and replacement components within the hip joint must support 
force5 that originate from without the body, such as those due lo gravity: in addition, 
they must transmit forces that result from muscular action such as walkins. These 
forces arc complex in nature and fluctuate with time in magnitude. in direction. 
and in ralc of application. Thu, mechanical characterirlics such as modulu of 
elasticity. yield strenglh. tcnsilc strength. fatigue strength, fracture: toughness, and 
ductility arc all important considerations relative tu the materials of choice for the 
prosthetic hip. For example. the material used for the femoral stem should hnw 
minimum yield and teniilc strengths of approximately 500 MPa (72,500 psi) and 
650 MPa (95,OOO psi). respectively. and a minimum ductility of aboul li%EL. In 
addition, the fatigue strength (for bending stresses that arc fully reversed [Fijiurc 
X.200]) should be at lcast 400 MPa (60,000 psi) at 1O’cycle~. For Ihc average person. 
the load on the hip join1 fluctuates on the order of 10” times per year. Furthermore. 
the modulus of elasticity of the prosthetic material should match thal of bone: 
a significant diil‘crcncc can lead to delerioration of the boric tissue surroundinfi 
the implant. 

Furthermore, since thz hall-and-cup articulaCng surfaces rub agarn,t one an 
other. wear of thcsc surfaces is minim~rcd by the employment of very hard malerials. 
Excessive and uneven wear can lead to a change in shape of the articulating surfaces 
and cause the prosthesis to malfunction. In addition. particulate dcbri5 will he 
generaled as the articulating surlaccs %car against one another: accumul;llion of 
this debris in the surrounding tissues can alum lcad to inflammation. 

Frictional forces at thes rubbing counterfaces should also he minimized to 
prevcnl loosening of the femoral stem and acetabular cup assembly from their 
positions sccurcd by the fixation ascnt. If these components do become loose 
over time, the hip will cxperiencc: premature degradation that may require it lo 
hc replaced. 

Three iinal important material factors are density, lxoprrty reproducibility. 
and cost. 11 is highly desirable thal lightweight componenls bc used. that material 
properties from prosthesis to prosthesis remain consistent wer time, and. ot course. 
lhal the cosf of the prosthesis components he reasonable. 

Ideally, an artificial hip that ha been surgica Y II. implanted should function 
atisfactorily for the lifetime of the recipient and not require replacement. For 
current designs. lifetimes range between only fix and ten years; ccrlainly longer 
ona xc d&able. 

Several linal cumments are in order relative to hiocompatibility assessment. 
Biocompatihilily of materials is usually dclcrmined empiricall?; that is. tests arc 
conducted wherein malerials are implanted in laboratory animals and the hiocum 
palibility of each material is judgzd on the bais of rejection reactions. level ot 
corrosion. gcncration of toxic subatanccs, etc. This procedure is then repealed on 
humans for thee materials that were fwnd to he relatively biocompatihle in ani- 
mals. It is difficult to apriori predict the hiocompatibility of a material. For example. 
mercury, when ingested into the hody. is poisonous; however, dental amalgams, 
which have high mercury content\. have gcnerallv hewn found to be verv biocom- 
patible. 
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Early prosthetic hip designs called for both the femoral stem and hall to h< o,t thi: 
same material-a stainless steel. Subsequent improvements have been introduced. 
including the utilization of materials other than stainless steel and, in addition, 
constructing the stem and hall from different materials. Figure 23.14 is a photograph 
in which are shown two dilCwent hip replacement designs. 

Currently, the femoral stem is constructed from a metal alloy of which there 
are three possihlc types: stainless steel, cobalt~nickel-chromiummolybdenum, and 
titanium. The most suitable stainless steel is 316L, which has H very low sulfur content 
(<0.002 v/t%); its composition is given in Table 12.4. The principal disadvantages of 
this alloy are its susceptibility to crevice corrosion and pitting. and its relatively 
low fatigue strength. Fabrication technique may also have a significant influcncc 
on its characteristics. Cast 316L typically has poor mechanical properties and inade- 
quate corrosion resistance. Consequently, prosthetic femoral stems are either forged 
or cold worked. Furthermore, heat treatmcnt may also influence the characteristics 
of the material and must be taken into consideration. Normally. 316L is implanted 
in older and less active persons. The mechanical characteristics and corrosion rate 
range of this alloy (in the cold-worked state) are supplied in Tahlc 23.4. 

Various Co-Cr-Mo and Co-Ni-Cr-Mo alloys have been employed for artifi- 
cial hip prostheses: one that has been found lo bc cspccially suitable. designated 
MP35N. has a composition of 35 wt% Co. 35 wt% Ni, 20 wt% Cr. and IO wt% Mo. 
It is formed by hot forging and. as such, has tensile and yield strengths that arc 
superior to 316L stainless steel (Table 23.4). Furthermore, its corrosion and fatigue 
characteristics arc excellent. 

Of those metal alloys that are implanted for prosthetic hip joints, probably the 
most hiocompatihle is the titanium alloy T-6AI-4V: its composition is ‘JO ~1% Ti, 
6 ~1% Al, and 4 wt% V. The optimal properties for this material are produced by 
hot forging; any subsequent deformation and/or heat treatment should be avoided 
to prevent the formation of microstructurcs that are deleterious to its hiopcrfor- 
mance. The properties of this alloy are also listed in Table 23.4. 

Recent improvements for this prosthetic device include using a ceramic material 
for the ball component rather than any of the aforementioned metal alloys. The 
eel-amic of choice is a high-purity and polycrystalline aluminum oxide. which is 



worked) 
MP35N (hot 230 I no0 1200 13 500 (1.0012- O.UOL 

forged) (33.4 x IO”) (145) (174) (72.5) 
TiX,Al-JV (hot I20 950 1075 I3 580 0.0~37~0.04 

forged) (17.4 x 10”) (13X) (1%) (X4.1) 

C’ mpy means miis per year, “I 0.001 in./yr 
Sources: From Gladius Lewis, SdcWion of iZ@neering M&via/x, Q lYY0, p. 189. Adapted by pcrmi~sion oi Pren- 
ticc Hall. Englewood CliIIs, New Jersey. And D. F. Gibbons. “Materials for Orthopedic Join1 Prostheses,” Ch. 4. 
p 116. in Biocompnrihili/~ of Ort!zo@ic Ir@onls, Vol. 1. D. F. Williams, CKC Press, Boca Reton, Florida. lY82. 
With txrmission. 

harder and more wear resistant. and generates lower frictional S~KZCS at the joint. 
However. the fracture toughness of alumina is relatively low and its fatigue charac- 
LcriTtics are poor. Hence, the femoral slem. being subjected to significant slrcss 
levels. is still fabricated from one of the above alloys. and is then attached to the 
ceramic ball; this femoral stem-ball component thus becomes a two-piece unit. 

The materials selected for use in an orthopedic implant come after years of 
research into the chemical and physical properties of a host 01 different candidate 
materials. Ideally. the material(s) of choice will not only be biocompatible, but 
have mechanical properties that match the biomaterial being qlaced-viz.. bone. 
However, no man-made material is both biocompatible and possesses the property 
combination of bone and the natural hip joint--i.& low modulus of elasticity, 
relatively high strength and fracture toughness, low coefficient of friction, and 
cxccllent wear resistance. Consequently. material pqxrty compromises and trade- 
offs must he made. For example, recall that the modulus of elasticity of bone and 
femoral stem materials should be closely matched such that accelerawd deteriora- 
tion of the bone tissue adjacent to the implant is avoided. UnforRmalely, man- 
made materials that arc both hiocompatiblc and relatively strong, also have high 
moduli of elasticity. Thus, Car this application. it was decided Lo trade off a low 
modulus for hiocompatibility and strength. 

Some acetabular cups are made from one of the biocompatiblc alloys or aluminum 
oxide. More commonly, however, ultrahigh molecular weight polyethylene (Section 
16.18) is used. This material is virtually inert in the body environment and has 
excellent wear-resistance characteristics; furthermore. it has a very low coefficient 
of friction when in contact with the materials used for the ball component of 
the socket. 

Successful performance of the artificial hip joint calls for the secure attachment of 
both the femoral stem to the femur and the acetabular cup to the pelvis. Insecure 
attachment of either component ultimately leads to a loosening of that component 



and the accelerated degradation of the joint. A lixation agent is sometimes used 
to bond thcsc two prosthetic components to their surrounding boric structures. The 
most commonly used lixation agent is a polymethyl methacrylale (acrylic) boric 
cement that is polymerized in situ during surgcq. 

This acrylic bond cement has, in sane cases. contributed to femoral stem 
loosening because it is brittle and does not bond well with the metallic implant and 
bone tissue. It has been lound that a more secure implant-hone bond is Cormcd 
when the stem is coated with a porous surface layer. consisting of a sistered metal 
powder. After implantation. hone tissue grows into the three-dimensional pore 
network. and thereby lixatcs the implant to the hone. Such a coating has been 
applied to the upper stem region of tht: right hip replaccmcnt shown in Figure 23.14. 

THERM.~LPROTECTIONSYSTEMON THE 
SPACE SHUTTLE ORBITER 

In 1969. the National Aeronautics and Space Administralion (NASA) of the United 
States decided to direct its primary mission to the development ol a Space Trrmspor- 
tadon System (STS), also commonly known as the Sjxce S/XL/& O~hicev. In essence, 
the Space Shuttle is a reusable cargo-carrying space vehicle that is launched aboard 
a rocket. and then orbits the earth. Upon mission completion, it reenters the atmw 
sphere as a space craft. and. finally, once inside the lower atmosphere. lands in the 
manner of a normal aircraft. The maiden flight was made by the Coh/mhia orbiter 
in April of 1981; since then, four other orbiters have been constructcd~Di.scoverv, 
Afhntis. E’n&nuoru. and the ill-fated Chullmger. A photograph of the Ailunfis in 
Fhown on page 734. 

The successful operation of the Space Shuttle is dependent on a fully reusable 
outer “skin.” termed a Thermul Pro~clion System (TP-PS). that pvotccts the inner 
airframe and its occupants from the searing heat generated during the reentry phase 
from space into the earth’s atmosphere. The development of this Thermal Protection 
System evolved over a twenty-year period. and is a classical and somewhat involved 
materials selection and design problem. In this section the primary components of 
the Shuttle’s TPS are discussed. 

In reading this section, keep in mind that cost constraints relative to the design 
and fabrication ol thcsc materials were not as rigid as would he expected for normal 
commercial applications. 
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Material requirements on the Thermal Protection System arc, to say the least. 
awesome. For cxamplc, the TPS must do the following: 

1. Maintain the temperature on the inner airframe below that to which it 
was designed [viz., 175°C (3WF)j f 0~ a maximum outer surface tcmpwa- 
ture of 1260°C (2300°F). 

2. &main usable for 100 missions. with a maximum turnaround time of 
160 h. 

3. Provide and maintain an aerodynamically smooth outct surface. 



4. Bc constructed of low-density material. 

5. Withstand temperature extremes between I 10°C (~ 170°F) and 
1260°C (2300°F). 

6. Be resktant to severe thermal gradicnt5 and rapid temperature changes. 
7. Be able to withstand stresses and vibratiom that we experienced during 

launch. as well as thermally induced stresses imposed during tempcra- 
lure changes. 

8. Expcricnce a minimum absorption of moisture and other contaminants 
during storage belueen missions. 

9. Be made to adhere to tbc airframe that is constructed of an alum- 
nun alloy. 

Thermal protection systems and materials developed previously by the aeru- 
space industry proved unsuitable for the Space Shuttle because they were either 
too dense and/or nonreusable. ~I‘herefore. it became necessary to design a new set 
of complex materials. Furthermore. no single material is capable of meeting all of 
the criteria listed above. In addition. not all of thcsc criteria are required over all 
surfaces of the spacecraft: for cxample, typical reentry maximum temperature pro- 
files are shown in Figure 23.15. 

Therefore, the philosophy adopted was to design several different thermal 
prelection materials systems, each with its particular set of propertics. that satisfy 
the required criteria for a specific region of the spacecraft surface. Several different 
materials systems are employed on the Space Shuttlcs, the designs of which depend 
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T,v,,,,rrnlrr,~. ‘~,,,,,,,,,~,,I,,~,,, Ilu/rlrriol Orhi/r, 
I k,,, vi,,, (;crr,Tir .\ ,,1,1,’ Y‘ (“I.) Y (“I’) (‘m,msi/io. /,ocrrliorr.s 
Felt reusable surface insu- -130 400 Nylon Iclt. silicone ruhher Wing upper surface. “p- 

Iation (FRSI) (-200) (750) coarmq per sides, cargo hay 
doors 

Advanced Hexihle reus- 130 515 Quartz batl~n~ sandwiched llpper surface region5 
able surface insulation (-200) (1500) bctuccn quart/ and 
(AFRSI) glass fabrics 

I.u\,~temperature i-eusahle -130 650 Silica tilts, horo~llicatc LJpper wing ~urfnces. tail 
surlace iniulatinr (-200) (1200) ylars coating \“I face\. uppei- YehiCk 
(LKSI) sidcr 

High-rempcraturc ecus- -130 1260 Silica tiles. hororilicare Lower ~“rfaccs and 
able insulation (HRSI) (-200) :23(x1) glass contin: with SiB, sidcr, tail leading and 

addtx1 trailing cdgcs 
Reinforced carbon- Nil liwer 1 hi0 Pyrolized cnrhon-carbon. Nose cap and wing Icad- 

carhon (KCC) limit (3000) coated with Sic‘ ing cdgcr 
idcntlficd 

on the maximum outer surface temperature generated during vehicle reentry. These 
syswms and their tcmpcrature ranges of operation. material composilions. and 
orbiter areas are listed in Table 23.5. Furthermore. Ihc locations of these various 
systems are indicated in Figure 23.16. 

I !<:I I(, X%.1(1 Incaliom oi the v~riou\ component\ of the thermal protection 
system on the Space Shuttle Orbiter: FRSI. fclr reusnhlc surface i”>ulation: 
AFKSI. advanced Rcxiblc rcusablc surixc in\“lalirm: LRSI, low-temperature 
reusable surface insulation; IIRSI. hi+tempcraturc rcusahlc surface insulation: 
RCC. rcinforccd carbon-carbon composite. (Adapted Irom L. J. Korh, C. A. 
Morant, R. M. (‘alland, and C. S. Thatcher. “The Shuttlc Otbitcr Thermal 
Pxxection Syrtcm,” C~mmic Ruilctin. Yo. II, Nor 19x1, p. I IW (‘opyright 
1081. Reprinted by permission ot the American Ceramic Society.) ’ 
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Upper surface regions exposed up to temperatures of 400°C (750°F’) are covered 
with what is termed ,felr varsahle ,sw/2rce insuinGori (/?%~I). This insulation consists 
of felt blankets of a nylon material the outer surCacc of which is coated with 
a silicone elastomer to achieve the necessary surface thermal properties. Thee 
blankets come in two thicknesses, 4 and 8 mm (11.16 and 0.32 in.). and are 
bonded to the aluminum airframe by a room-temperature vulcanizing (RTV) 
silicone adhesive. 

Other upper surface I-egians that al-c cxpowd to higher tcmpcraturcs. not to 
exceed 815°C (1500°F). arc protcctcd by blankets of an udvuncerlflc~xibl~~ w~~vuh/~~ 
vwfirce insuiufion IAFRSIj. ‘These blankets consist of a quartz fiber batting that is 
sandwiched between a high-temperatul-e woven quartz fabric on the outer side and 
a lower-tcmpcraturc glass fabric on the inner side. The outer surface of some 
regions is also protected with a ceramic coating. Furthermore, these three layers 
are stitched together using quartz and glass threads in a one-inch square pattern. 
AFRSI blanket thicknesses range between 10 mm (0.41 in.) and just under SO mm 
(2 in.). Over most vehicle regions, these AFRSI blankets are bonded to the structure 
by a silicone RTV adhesive. as with the FRSI insulation. 
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More rigid matwial restrictions arc imposed on regions of the Space Shuttle that 
arc cxpo~cd to tcmpcratures in the range of 400 to 1260°C (750 lo 2300°F). For 
thee areas it was decided to use a relatively complex ceramic material in the form 
of tiles. Ceramics are intrinsically thermal insulator-sand. furthcrmorc. will withrtand 
thcsc clcvatcd tcmpcvatures. The lile design is utilizd for the proteclion syslem 
to conform to the contours of the Shuttle‘s surface, and also to accommodate the 
thermal dimensional changes accompanying the extremes of temperature that are 
experienced during a typical mission. 

Each Shuttlc has on the average oC24.300 of these tiles, which comprise approxi- 
malely 70% of the total orbiter exterior area. No two tiles have exactly the same 
configuration, but sires range from between about I50 mm by I50 mm (6 in. by 6 
in.) to about 200 mm by 200 mm (8 in. by 8 in.). Tile thicknesses vary between i 
mm (0.2 in.) and 90 mm (3.5 in.). Each tile is precisely machined to its individual 
shape using diamond tools on a computer-controlled mill. Figure 23.17 is a photo- 
graph that shows the tiles being installed. 

Tilc~ having three densities are used, which are designated by LI-900. FRCI- 
12. and Ll-2200; the respective densities of these materials are 0.14 g/cm’ (9 lb,,,/ 
ft’). 0.19 g/cm’ (12 IbJft’), and 0.35 g/cm’ (22 IbJft’). The LI-900 and LI-2200 
materials are fabricated using very high-purity silica fibers, having diameters ranging 
between 1 and 4 em and Icngths on the order of 3 mm (0.13 in.). Fiber-to-fiber 
bonds are cstahlished by a sin&ring heat treatment at 1370°C (2500°F). which gives 
rise to a very porous and lightweight material. The microstructure of a typical tile 
is shown in the scanning electron micrograph, Figure 23.18. On the other hand, 
FRCI tilts arc composed of a 78% silica tiber-22%’ aluminum borosilicate fiber 
composite: the FRCI designation comes from E;ihrous Refraractor~~ Composite Insi~- 
him. 

The strengths of the LI-2200 and FRCI tiles are virtually equivalent. being 
greater than that of LI-900. LI-2200 and FRCI arc used in those locations whcrc 
a higher Wcngth is required, such as around doors and access panels. Employment 



of FRCI instead of Ll-2200 reduced orbiter weight by appnrxmiat~ly 450 kg (I000 
lb,,). Most tiles on the orbiters are the LI-YOO type. 

These lowdensity silica fiber materials are ideal for the Shuttle‘s Thermal 
Protection System. Being approximately 93 KM- void. they are excellent thermal 
insulators; this is confirmed by the photograph on page 658. which shows a mar 
holding a very hot cube of the tile material in his bare hands. Furthermore, silica 
has an extremely low coefficient OC thermal expansion (Table 20.1) as well as a 
relatively small modulus of elasticity (Table 13.5): thus, it is very rcsistant to thermal 
shock associated with rapid temperature changes (Equation 20.8). Also. silica may 
be heated to relatively high tcmpcraturcs without softening: short-term exposures 
to temperatures as high as 1480°C (2700°F) at’c possible. 

The proper-tie? of the tiles are nnisotropic: they are desijincd to bc strongest 
in the plant of the tilt and to he most thermally insulative in the direclion perpendic- 
ular to this plane. 

1~11.1 I<, “Xl8 Scannmg 

electron micrograph of a 
Space Shuttle Orhitel 
ceramic tile shou’ing silica 
fibers that were bonded t<y 
one another during a 
sintering heat treatment. 
750x. (Photograph prwidcd 
courtesy of Lockheed 
Aerospace Ceramics 
Syslcms. Sunnv\~ale. 
California.) 



Tiles on surfaces cxposcd to maximum temperatures in the range 01 400 tu 
650°C (750 to 1200°F) (i.e., upper vehicle sides. and upper wing and tail surfaces) 
are coated with a thin layer (0.30 mm ~0.012 ill.] thick) of n high-emittance hol-orili- 
catc glass. ‘I‘hib tile type is rcfcrrcd to as a iowtev~p/,~rar~~re ve~r.whle .FIII.~~KF insukrtion 
(LKSI): the tile surface is white, which reflects the sun’s rays and keeps the Shuttle 
relatively cool while in orbit. Locations of the LRSI tiles are indicated in Figure 
23.16. 

Those tiles that are cxposcd to higher maximum tempcraturcs hctwcen 650°C 
(1200°F) and 1260°C (2300°F) (i.e., th e vehicle underbody, and tail leading and 
trailing cdgcs) receive a black coating consislinp of the same horosilicate glass and. 
in addition. silicon tetrahoridc (SiH,): thib coating material is somctimcs termed a 
reac~iow cured flu.s.s (KCG). Being of high optical cmittancc. this coating is able to 
radiate approximately 90% of the reentry lhcat generated away from the Shuttle 
cithcr into the earth‘s atmosphere or into deep space. This type of tilt is termed 
a hi,oli-tefizl,ernll/ue re~~~uhle surface iwsulu~ion (HRSI). and its locations on the 
Shuttle arc also noted in Figure 23.16. 

It is also necesary to isolate and cushion the brittle ceramic tiles from the 
mechanical and thermal strains sustained by the airframc and. in addition. to attach 
the tiles to the airlrame. I’his is accomplished by an asembly consisting of a .wnin 
ioirrfor pat/ (SIP). a fi//r~r bar, and a silicone RTV adhesive that bonds the tilt to 
lhc SIP and the SIP and filler bar to the airframe structure. A schematic diagram 
of this assembly is shown in Figure 23.19. The wain isolator pad is composed ot 
a nylon felt that will sustain repeated healings to 290°C (550°F): this pad isolates 
the lileb Carom airframe dcflcctions. 

Beneath the tileto-tile junctions are located the filler bars. They are of the 
same nylon fcit to which an RTV outer coaling has been applied. The thickness of 
thcsc bars is greater than the strain isolator pad, and. as such. they form a gasket 
seal to the undersurface of the tiles and protect the strain isolator pads from water 
or plasma pcnctration through the tileto-tilt junctions. 

The adhesive. that bonds this system together and to the airframe must suwivc 
rcpenled exposures t” at lcasl 290-C (SWF), must curt at room tcmperalure, and 



mt~st he capable of Iilling soy irregularitws in the airframe structure. Thi: only 
material that fulfills all these requirements is a silicone RTV adhesive. 

During reentry. some shuttle orbiter surtace regmn~ are exposed to rempera~~es 
in excess oC those that the ceramic tiles arc capable of sustaining (12hO”C [23OO”F]). 
Specifically. these areas arc the nose cap and wing leading edges, Figure 23.15. 
wshere temperatures may reach as high as 1650°C (3000°F). The material that was 
designed for USC in these locations is a reirtf~~rced cnrhon-carbon (RCC) composite. 
It is also a relatively complex material consisting of a carbon matrix that is r&forced 
with graphite fibers: the surface is coated with a thin layer of silicon carbide (SIC) 
as a protection against oxidation. This composite material is suitable for these high- 
temperature locations for the following reasons: strength and sliffncss arc retained 
up to the maximum service tcmpcratures; it has n low coefficient of thermal expan- 
sion. and thw will not experience significant thermal stresses and deflections: it is 
highly resistant to thermal shock and fatigue: it5 density is very low; and fabrication 
into complex shapes is possible. Figure 23.16 shows those areas where this RCC 
composite material is employed. 

Of course. materials other than those already cited are used on the Orbiter. 
For example, window ports are made of glass materials. Also, as may be noled 
from Figure 23.16, metal alloys are used for scnne exposed surfaces. These alloys will 
typically have high melting temperatures and. preferably, relatively low densities. 
Examples include beryllium, niobium. titanium, stainless steel (alloys 316). and 
several supcralloys (Inconel alloys 718. 625. 750, and Haynes alloy 188). 

JI.4TEKIALS FORINTEGKATED 
CIRCUIT PACK~ACES -- 

The microelectronic circuitry. including the integrated circuits that are used in our 
modern computers. calculators, and other electronic devices, was briefly discussed 
in Section lY.14. The. heart of the integrated circuit (abbreviated IC) is the chip. a 
small rectangular substrate of high-purity and single-crystal silicon (or more recently 
gallium arsenide) onto which literally thousands of circuit elements are imprinted. 
Circuit elements (i.e.. transistors, resistors. diodes, etc.) are created by selectively 
adding controlled concentrations of specific impurities to extremely minute and 
locnlized regions near the surface of the scmiconducting material using involved 
photolithographic techniques. The chips are small in size. with the largest being on 
the order of 6 mm (a in.) on each side and approximately 0.4 mm (0.015 in.) thick. 
Photographs of a typical chip arc shown in Figure 19.25. 

Furthermore, chips are very fragile inasmuch as silicon i’l a relatively brittle 
material and gallium arsenide is even more hrittlc. It is also necessary to fabricate 
conducting circuit paths over the surface of the chip so as to facilitate the passage 
of current from device to device; on silicon ICs the metal conductor used is aluminum 
or an aluminum-silicon alloy (09 wt% Al, 1 WC/o Si) which is mctallized onto the 
chip surface to form a wry thin film. The chip design also calls for these circuit 
paths to terminate at contact pads on the chip periphery. at which points clcctrical 



connections may bc made with the macroscopic world. II shuuid be ubviuub thal 
a functioning microelectronic chip is a very sophisticated electronic entity. that 
materials rcquil-ements are very stringent, and that elegant processing techniques 
are involved in its fabl-ication. 

A large number of IC chips arc fabricated onto a circular lhin wafer of single- 
crystal Si, as shown in the photograph in Figwe 23.20. Single cryslals of Si having 
diamelcn as lxge as 200 mm (X in.) are routinely gl-own. The small rcctan@ar 
1Cs arrayed in the mannc~- shown in the photograph arc collectively referred to as 
dice. Each IC or die (singular of dice) is first tested for functionality, after which 
it is rcmovcd from the wafer in a meticulous sawing or “scribe and break” operation. 
Next, the die i5 mounted in some type of pnckngr. The packaged IC may then bc 
bonded to a printed circuit board. The purpose of this section is to discuss the 
material requirements and wme or the materials that are used for the various IC 
package components. 

Some of the functions that an integrated circuit package must perform include 
the following: 

1. To permit eleclrical contact between the devices on lhc chip and the 
macroscopic world. The contact pads on the surface of the IC are so 
minuscule and numerous that accommodation of macroscopic wiring is 
simply not poFsiblc. 

2. To dissipate excess heat. While in operation. the many electronic dcviccs 
gencratc significant quantities of heat, which must he dissipated a\\a! 
from the chip. 

3. To protect delicate electrical connection5 on the chip from chemical 
degradation and contamination. 

4. To provide mechanical supporl so that the small and fragile chip may 
he handled. 

5. To provide an adequate electrical interface such that the performance 
of the TC itself is not significantly dcgradcd by the package design. 

Thus, IC packaging also poses a host of material demands that arc very challeng- 
ing. In fact, it has been noted that the perlormancc of some 1Cs is limited, not by 



thz ~~~II~~~ZII~~ICI ut thz XIIIIL.~I~~~LIC~I~~ materials nor by the mtrallizat~un p~uccss. 
but rather by the quality of the package. There are a number of different package 
daigns used by the various IC manufacturers. For one of the common design?.. 
the lendfmw, we have elected to discuss the various components and, for each 
component, the lnaterials that arc cmploycd along with their property limitations. 
This package design is popular with digital IC manufacturers primarily because its 
production can he highly automated. 
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The leadframe, as the name suggc%. IF a iramc to which elz~urul Iz& nrdy hz 
made from the IC chip. A photograph of a leadframe-type package is shown in 
Figure 23.21. In essence. the leadframe consists of a central plate onto which the 
die is mounted. and an array of contact leads to which wire connections may he 
made from the contact pads on the chip. Some leadframe designs also call for a 
substrate onto which the die is mounted, which substrate is, in turn. bonded to the 
central plate. During the packaging process. and after the chip has hccn attached 
to the central plate (a proccdurc tcrmcd die bonding). the contact pads on the IC 
chip arc clcancd. wires arc attached to hoth the contact pads and the leadframe 
leads (called wire hon~iing). and. finally. this package is cncapsulatcd in a protcctivc 
enclosure so as to seal out moislurc, dust. and other contaminants. This procedure 
is called hermetic serrling. 

.There are wme rather stringent requirements OII the propel-ties of the material 
to be used for the leadframe: thc<c arc as follows: (I) The leadframe material must 
have a high electrical conductivity. inasmuch as there will be current passage through 
its Icads. (2) The leadframe, the die attach central plate. substrate (it present), and 
die-bonding adhesive must also he thermally conductive $0 as to facilitate the 
dissipation of heat gcncratcd by the Ic’. (3) A coeOicient of thermal expansion 
comparable to that of Si is highly desirable: a thermal expansion mismatch could 
destroy the integrity of the bond between the I(: and the central plate as a result 
of thermal cycling during normal operation. (4) The lcadframc material and suh- 



straw rnus~ also adhcrc LO the <lx-bonding adhc\~vc, ai~d the adhczlrc ‘md XI~\~ILLIC 
must also be electrically conductive. (5) A sccurc and electrically conductive joint 
between the leadframe and the connecting wires must bc possible. (6) The leadframe 
must be resistant to oxidation and retain its mechanical strength during any thermal 
cycling that may accompany the die-handing and encapsulalion procedurcb. (7) 
The leadframe must alw withstand corrosive environments at high temperatures 
and high humidities. (8) It must be possible to mash product the leadframes economi- 
cally. Normally. they arc stamped from thin metal sheets. 

A parenthetical comment is in order rclativc to the electrical characteristics ul 
the substrate and die-bonding adhesive. In the preceding paragraph it was noted 
that the materials used for these two leadframe components musl be clcctrically 
conductive. This is inconsistent with the ceramic materials used for packaging 
substrates which. as discussed in Section 14.18, must bc electrical insulators. This 
discrepancy is resolved when it is realized that some package designs call for 
grounding of the IC chip through the substrate. whcrcas tor other designs. grounding 
is through the contact wires. 

Scvcral alloys have been used for the leadframe with varying dcgrccs of success. 
The most commonly used materials arc copper-based alloys: the composition?. 
electrical and thermal conductivities. and coefficients of thermal expansion for two 
of the most popular ones (ClY400 and ClY500) are listed in Table 23.6. For the 
most part, they satisfy the criteria listed in the preceding paragraph. Also listed in 
the table are the compositions of two other alloys (Kovx and Alloy 42) that haw 
been wed extensively in leadframes. The desirability OT thcsc latter tWo alloys lies 
in their rclativcly low cocfficicnts of thermal expansion. which are closely matched 
to that of Si [i.e., 2.5 x lo-” (“(?)-‘I. Howcvcr. fi-om Table 23.6 it may also be noted 
that both electrical and thermal conductivitics for Kovar and Alloy 42 are inferior 
to the conductivity values for the ClY400 and CIYSOO alloys. 

23. i-l Ihl. Lso\l~l\c: 

The die-bonding operation consists of attaching the IC chip to the central bupput rms 
leadframe plate. For the copper alloys noted in Table 23.6, attachment may bc 
made using a gold&silicon eutectic solder: however, melting of the solder requires 
heating the assembly to 500°C (YWF). 

Another adhesive possibility is an epoxy bonding agent. which is normally lillcd 
with metal particles (frequently Ag) so as to provide hoth a thermally and electrically 
conductive path between the chip and the leadframe. Curing of the epoxy is carried 
out at temperatures bctwccn 60°C (140°F) and 350°C (660°F) depending on the 
application. Since the amounts of thermal expansion are different for the Cu alloy 
lcadframe plate and Si chip, the epoxy adhesive must bc capable of absorbing any 
thcmmal strains produced during temperature changes such that the mechanical 
integrity of the junction is maintained. Figure 23.22~1 shows a schematic diagram 
of a chip that is bonded to a substrate layer that is, in turn, bonded to the leadframc 
plate. Figure 23.22h is a photograph of a chip. its leadframe. and the connecting 
wires. 

The next step in the packaging process involves making clcctr~cal ~um~ect~~n~ 
between the mctallixd chip pads and the leadframe: this is accomplished using 
connecting wires (Figures 23.22~ and 23.22b). A wire-bonding procedure is normally 





Several important considerations musl be taken into account relative to the 
choice of wire alloy. Of courw. a high cicctrical conductivity is the prime prerequi- 
site. In addition, consideration must bc given to the ability of the alloy to bond, by 
welding or bra&, with both the Al alloy at the chip pad and the Cu alloy on the 
leadlramc; the formation of a microjoint that is hoth mechanically and electrically 
stahlc is an absolute necessity. 



.The most commonly used wire material is gold--actually a gold alloy containmg 
a small amount of beryllium-copper that is added to inhibit grain growth. Gold 
wires are round and have diameters that are typically ‘18 /an (0.0007 in.), 25 /an 
(0.001 in.), or SO hrn (0.002 in.). Less costly Cu and Al have also been employed 
for contact wires. Prior to making the microjoint, regions of the chip pad and 
leadframe surfaces at which the junctions are to be made may be coated with Au 
so as to improve bondability. During the actual microjoining process, one wire end 
is brought into the vicinity of one of the joint regions using a special tool. This wire 
end is then melted with a spark or flame heat source. 

Two different types of microjoints are possible: ball and wedge. Figure 23.23 
is a schematic diagram showing a connecting wire having a ball microjoint at its 
contact pad end and a wedge microjoint at the leadframe connection. Ball joints 
are possible for gold wires since the melted wire end forms into a small ball because 
of the high surface tension of gold. Bonding of this molten ball with the contact 
pad or leadframe is accomplished by making mechanical contact with the bonding 
surface while both wire and surface are subjected to ultrasonic vibrations. A scanning 
electron micrograph of a ball microjoint is shown in Figure 23.24a. This type of 

I’I(.I II, ZJ:$.Zd Scanning electron micrographs 01 (a) a hall hond (475X), and (h) 
a wcdgc bond (275X). (Photographs courtesy of National Semiconductor 
Corporation.) 



microjoint is especially desirable since, after the tirbt of the t\w nwxqoints for 
each wire ha5 been made (usually on the ICI contact pad). the wire may then be 
bent in any direction in prcpxation for the microjoining of it3 other extremity. 

The ends of copper and aluminum wires do not Corm balls upon melting. They 
arc wcdgc microjoined by positioning the wire between a vibrating probe and 
the contacl pad or lcadframe surface: the vibrations loosen and remove surface 
contaminants. which results in intimate contact ol the two surfaces. An elcct~ic 
current is then applied through the probe. which welds the wire to the surface. 
Unfortunately, the bending motion of wedge-bonded wires is restricted to a single 
direction. Gold wires may also be bonded using wcdgc microjointi. Figure 23.24h 
is a scanning clcctron micrograph of a wedge microjoint. 

There are other considerations relative to wire bonding that deserve mentioning. 
Microjunction alloy combinations that form intcrmctallic phases should bc avoided 
because these phases arc normally brittle and yield microjoints lacking long-term 
mechanical stability. For example, Au and Al may react at elevated temperatures 
to form AuAl?. termed the “purple plague”; this compound is not only very brittle 
(and purple). but also highly electrically rcsistivc. Furthcrmorc, mcchamcal integrity 
at each microjoint i5 important so as to (1) withstand vibrations that the package 
may experience. and (2) survive thermal stresses that are generated as the packaging 
materials change temperature. 

‘Lbi.16 I’\CK \(;I,: F:\C:.\lW l..Vl’IO\’ 

l’hc microelectronic package, as now constituted, must be provided some type of 
protection from corrosion, contamination, and damage during handling and while 
in service. The wire interconnection microjunctions are extremely fragile and may 
be easily damaged. Especially vulnerable to corrosion are the narrow Al circuit 
paths that have been metallized onto the swfacc of the IC chip: cvcn the slightest 
corrosion of these elements will impair the operation of the chip. Thcsc Al-mct- 
allizcd layers experience corrosion when atmospheric moisture in which even minute 
concentrations of ionic contaminants are dissolved (especially chlorine and phos- 
phorus) condenws on the chip surface. FurThcmmorr. The corrosive reactions arc 
accelerated as a conscyucnce of electric currents that pass through these circuit 
paths. In addition, any sodium (as Na’) that gets on the chip surface will eventually 
diffuse into the chip and destroy its operation. 

The material used to encapsulate the package should: 

1. Be electrically insulating: 
2. Be easily molded to the desired shape around the chip die and its 

wire leads: 
3. Be highly impervious to the pcnctration of moistux and contaminants: 
4. Be able to form strong adhesive bonds with the chip surface. wires. and 

other leadtrame components: 
5. Exhibit mechanical and chemical stability for the expected lifetime of 

the package; 
6. Not require exposure to cxccssivcly high tcmpcratures during instal- 

lation; 
7. Have a coefficient of thermal expansion similar to those of other package 

components so as to avoid thermal stresses capable of fracturing the 
wire Icads. 

Figure 23.25 shows a schematic diagram of an encapsulated IC package. 



Both ceramic and polymeric materials are used to encapsulate IC packages: ot 
course each of these material types has its own set of assets and liabilities. Ceramics 
are extremely resistant to moisture penetration and arc chemically stable and chemi- 
cally inert. Glasses are the most commonly utilized ceramic materials. The principal 
disadvantage of glass is the requirement that it be heated to moderately high 
temperatures to lower its viscosity to the point where it will flow around and make 
intimate contact with all of the wires that are microjoined to the chip surface. Some 
common glass constituents should be avoided (notably Na,O and K,O) since volatile 
cation species (Na- and K’) may be emitted from the molten glass. These species 
arc notorious in accelerating corrosion reactions. and the ions will degrade the 
chip performance. 

Polymeric materials are used in the largest volume for packaging encapsulation 
because they are not as costly as the ceramics, and they may be produced in a low- 
viscosity state at lower tcmpcratures. Epoxies and polyurethanes arc commonly 
used, with the former being the most common. However, these materials have a 
tendency to absorb water and do not form moisture-tight bonds with the lead wires. 
Some of these polymers require curing at a temperature on the order of 150°C 
and during cooling to room temperature will shrink more than other package 
components to which they are attached. This difference in amounts of contraction 
can give rise to mechanical strains of sufficient magnitude to damage the connecting 
wires as well as other electronic components. The addition of appropriate fillers 
(such as fine silica or alumina particles) to the polymer can alleviate this problem 
but often has undesirable electrical consequences. A comparison of the important 
encapsulation characteristics of four different polymer types is given in Table 23.7. 

23. 17 'I'\l'l'. \l~ToRI~\.l'l~:I) Ro\llmc 

Another packaging design. /ape aulomated bonding (or TAB), a variation of the 
leadframe discussed above, has found widespread use by virtue of its low cost. The 
tape-bonded package consists of a thin and flexible polyimide polymer backing film 
substrate: onto this substrate surface is patterned an array of copper “finger” high- 
conductivity conduction paths similar in configuration to the contact leads for the 
conventional leadframe. A schematic diagram of a tape-bonded film leadframe is 
shown in Figure 23.26. 

Mechanical support for the assembly is provided by the polyimide film, onto 
which the die is bonded using an adhesive. Polyimide strip widths are typically 35 
mm (1.38 in.), and sprocket holes arc incorporated along opposing edges so as to 
facilitate movement and positioning of the TAB Icadframes. Literally thousands 



of these individual units, attached end to end, are spooled onto reels m preparat~un 
for automated processing. 

The copper fingers are extremely narrow and positioned close together. Scpara- 
tion distances of the inner contact leads are on the order of 50 pm. which is much 
smaller than is possible for the stamped leadframe. Furthermore, each die chip 
contact pad is microjoincd directly to one of thcsc copper tingcrs, which eliminates 
the need for any connecting wires. The copper fingers are very thin, so that. for 
this direct bonding to he achieved. the chip pad bonding <ites must he raised 
above the metallized coating. ‘This is accomplished using ‘xolder bumps.” which 
are normally layers of gold (or gold-plated copper) approximately 25 &III thick. 
Schematic representations illustrating this attachment design are presented in Figure 
23.27. The finger contacts WC bonded to these raised bumps by soldwing using a 
thermal-compression bonding tool. This tape-bonding design is fully automated in 
that all of the hundred or so microjoints can be made in a single step, a feature 
not possible with leadfi-amcs that require multiple wire-bonding operations. 

The packaging operation Car the TAR leadframc is complctcd. a~ with the 
stamped leadframe. by encapsulation of the assembly (ix., tape leadlrame and its 
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attached chip) within a fluid polymeric material that subsequently i‘ure >u as IU 
form a protective shield. Protruding from this package are the copper finger conduct- 
ing paths to which external electrical connections are made. Furthcrmorc, excess 
heat generated by the chip must bc dissipated along these copper lingers inasmuch 
as the polymer tape backing does not provide an cffcctive thermal conduction path 
bccausc of its low thermal conductivity. 

The ultimate design goal of the TC package is to allow for the proper clcctrical 
operation of the packaged device. As freyucncics and computing speeds creep ever 
higher, the mechanical and electrical design considerations of the package design 
must bccomc more and more integrated. The overall electrical performance of the 
package is as important to the end user as the overall reliability. 

s L. .\I 11 Li K 1 .- 
In this chapter. we have illwtratcd the protocol of materials selection using five 
diverse examples. For the first c&e, a torsionally stl-cssed cylindrical shaft, an 
cxprcssion for strength performance index was derived: then. using the appropriate 
materials selection chart. a preliminary candidate search was conducted. From the 
results of this search. several candidate cnginccring materials were ranked on both 
strength-per-unit mass and cost hases. Other factors that arc relevant to the decision- 
making process wcrc also discussed. 

A btre~ analysis was next performed on a helical spring, which was then 
extended to an automobile valve spring. It was noted that the possibility of fatigue 
failure was crucial to the performance of this spring application. The shear stress 
amplitude was computed. the magnitude of which was almost identical to the 
calculated fatigue limit for a chrome-vanadium steel that is commonly used for 
valve springs. It was noted that the fatigue limit of valve qxings is often enhanced 



hy bhot peening. Finally. a procedure was suggatcd tor asehs~ng the axxwm~c 
feasibility of this spring design incorporating rhe shot-pcened chrome-vanadium 
steel. 

For the third case study, the artificial total hip replacement was explored. 
The hip anatomy was first presented, which was followed by a discussion of the 
components and material requirements for the artificial replacement. Implant mate- 
rials must be biocompatible with body tissues and fluids. must bc corrosion resistant. 
and must also be mechanically compatible with interfacing replaccmentibody com- 
ponents. The femoral stem and ball arc normally made of a cold-worked stainless 
steel, a hot-forged Co-Ni-Cr-Mo alloy. or a hot-forged litanium alloy. Some recenr 
designs call for a polycrystalline aluminum oxide hall. Ultrahigh molecular weight 
polyethylene is commonly used for the acctabular cup, whereas acrylic bone cement 
is normally the fixation agent for attachment of the femoral stem (to the femur) 
and acctahular cup (to the pelvis). 

The thermal protection system on lhc Space Shuttlc was the fourth materials 
case study considered. Its design presented some very restrictive materials require 
mcntr: these were overcome by the incorporation of several different syslcnx as 
well as by the developmcnt of new materials. A felt reusable surlace insulation. 
consisting of silicone-coated nylon felt blankets. is used for those surface areas 
exposed to relatively low reentry temperatures. The ceramic tiles cover the major 
porlion of the Space Shuttle’s surface. areas that are exposed to higher temperaturcr. 
This porous insulation is composed of either silica fibers or a combination of silica 
and aluminum horosilicate Gbcrs. Tiles having several different strengths. densities. 
and thermal propertics are fabricated for utilization at the various locations. A thin 
glass surface coating is applied to each lilt so as to improve either its reflectance 
or emissive characteristics. Those surface regions of the Shuttle that expcr~ence 
the highest reentry temperatures are constructed of a reinforced carbon-carbon 
composile that is coated with a thin layer of silicon carbide. 

Materials utilized for the integrated circuit package incorporating the lead- 
hame design were the topic of the final case Ttudy. An JC chip is bonded to 
the lcadframe plale using either a eutcctic solder or an epoxy resin. The leadframc 
material must he both electrically and thermally conductive, and, ideally, have 
a coefficient of thermal expansion that matches the IC chip material (i.e., silicon 
or gallium arsenide): copper alloys are commonly used leadfi-ame materials. 
Very thin wires (prcferahly of gold. but often of copper or aluminum) are used 
to make electrical connections from the microscopic IC chip contact pads to 
the Icadframe. Ultrasonic microjoining welding/brazing techniques are used where 
each connection joint may be in the. form of either a hall or wedge. The final 
step is package encapsulation. wherein this leadframe-u,ire~chip assembly is 
encased in a protective enclosure. Ceramic glasscs and polymeric resins arc the 
most common encapsulation materials. Resins are less expenaivc than glasses 
and require lower encapsulation temperatures; however, glasses normally offer 
a higher level of protection. 
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23.Dl (a) IJsing the procedure as outlined in Sec- 
tion 23.2 ascertain which of the metal 
alloys listed in Appendix B (and also the 
database on the CD-ROM), have torsional 
strength performance indices greater than 
12.5 (in SI “nits), and, in addition. shear 
strengths greater than 300 MPa. (b) Also 
using the cost database (Appendix C), ax- 
duct a cat arralysis in the same manner 
as Section 23.2. For those materials that 
satisfv the criteria noted in part a, and, 

on the basis of this cost analysis, which 
material would you select for a solid cylin- 
drical shaft? Why? 

23.D2 In a manner similar to the treatment of 
Section 23.2, perform a stiffness-to-mass 
performance analysis on a solid cylindrical 
shaft that is subjected to a torsional stress. 
Use the same engineering materials that 
are listed in Tahlc 23.1. In addition, con- 
duct a material cost analysis. Rank these 
materials both on the basis of mass of ma- 
terial required and material cost. For glass 
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23.D3 

and carbon fiber-reinforced composites. 
assume that the shear moduli are X.6 and 
9.2 GPa, respectively. 

(a) A cylindrical cantilever beam is sub- 
jected to a force F, as indicated in the figure 
below. Derive strength and stiffness per- 
formance index expressions analogous to 
Equations 23.9 and 23.11 for this beam. 
The stress imposed on the unfixed end 0 
is 

FIX (r=- 
1 

(23.24) 

L, Y, and I are, respectively, the length, 
radius, and moment of inertia of the beam 
Furthermore, the beam-end deflection Sis 

s=FL? 
3El 

(23.25) 

where E is the modulus of elasticity of 
the beam. 

(b) From the properties database pre- 
sented in Appendix B (or on the CD- 
ROM), select those metal alloys with stiff- 
ness performance indices greater than 3.0 
(in SI units). 

(c) Also using the cost database (Appen- 
dix C), conduct a cost analysis in the same 
manner as Section 23.2. Relative to this 
analysis and that in part b, which alloy 
would you select on a stiffness-per-mass 
hxis? 

(d) Now select thue metal alloys having 
strength performance indices greater than 
18.0 (in Sl units), and rank them from high- 
est to lowest P. 

(e) And. using the cost database, rank 
the materials in part d from least to most 
costly. Relative to this analysis and that in 
part d, which alloy would you select on a 
strength-per-mass basis? 

(f) Which material would you select if 
both stiffness and strength are to bc consid- 
ered relative to this application’, Justify 
your choice. 

23.D4 (a) A bar spccnnen having a square cross 
section of edge length c is subjected to a 
uniaxial tensile force F, as shown in the 
following figure. Derive strength and stiff- 
ness performance index expressions analo- 
gous to Equations 23.9 and 23.11 for this 
bar 

(b) From the properues datababe prt- 
sented in Appendix B (or on the CD- 
ROM), select those metal alloys with stiff- 
ness performance indices greater than 26.3 
(in SI units). 

(c) Also using the cost database (Appen- 
dix C), conduct a cost analysis in the same 
manner as Section 23.2. Relative to this 
analysis and that in part b, which alloy 
would you select on a stiffness-per-mass 
basis? 



(d) Now select those metal alloys having 
strength performance indices greater than 
100 (in SI units), and rank them from high- 
est to lowest P. 
(e) And, using the cost database, rank 
the materials in part d from least to most 
costly. Relative to this analysis and that in 
part d, which alloy would you select on a 
strength-per-mass basis? 

(f) Which material would you select if 
both stiffness and strength are to be consid- 
ered relative to this application? Jnrtify 
your choice. 

23.D5 Consider the plate shown below that 1s sup- 
ported at its ends and subjected to a force 
F that is uniformly distributed over the 
upper face as indicated. The deflection 8 at 
the L/2 position is given by the expression 

s= 5FL' 
32Ew? 

(23.26) 

Furthermore, the tensile stress at the un- 
derside and also at the L/2 location is equal 
to 

3FL 
u=4wtz 

v 

(a) Derive stiffness and strength perfor 
mance index expressions analogous to 
Equations 23.9 and 23.11 for this plate. 
(Hinf; solve for f in these two equations, 
and then substitute the resulting expres- 
sions into the mass equation, as expressed 
in terms of density and plate dimensions.) 

(b) From the properties database in Ap- 
pendix B (or on the CD-ROM). select 

those metal alloys with stiffness perfor- 
mance indices greater than 1.50 (in SI 
units) 

(c) Also using the cost database (Appen- 
dix C), conduct a cost analysis in the same 
manner as Section 23.2. Relative to this 
analysis and that in part b, which alloy 
would you select on a stiffness-per-mass 
basis? 
(d) Now sclcct those metal alloys having 
strength performance indices greater than 
6.0 (in Sl units), and rank them from high- 
est to lowest P. 
(e) And, using the cost database, rank the 
materials in part d from least to most 
costly. Relative to this analysis and that in 
part d, which alloy would you select on a 
strength-per-mass basis? 

(f) Which material would you select if 
both stiffness and strength are to be consid- 
ered relative to this application? Justify 
your choice. 

23.D6 A spring having a center-to-center diame- 
tcr of 15 mm (0.6 in.) is to be constructed 
of cold-worked (a hard) 304 stainless steel 
wire that is 2.0 mm (0.08 in.) in diameter; 
this spring design calls for ten coils. 

(a) What is the maximum tensile load that 
may be applied such that the total spring 
deflection will be no more than 5 mm 
(0.2 in)? 
(b) What is the maximum tensile load that 
may be applied without any permanent de- 
formation of the spring wire? Assume that 
the shear yield strength is 0.6 c~, where LT~ 
is the yield strength in tension. 

23.D7 You have been asked to select a material 
for a spring that is to be stressed in tension. 
It is to consist of 8 coils, and the coil-to- 
coil diameter called Car is 12 mm; further- 
more, the diameter of the spring wire must 
be 1.75 mm. Upon application of a tensile 
force of 30 N, the spring is to experience 
a deflection of no more than 10 mm, and 
not plastically deform. 
(a) From those materials included in the 
database in Appendix B (or on the CD- 
ROM), make a list of those candidate 
materials that meet the above critrriu Ac- 
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wmc that the shear yield strength is O.&r, 
where v$ is the yield strength in tension 
and that the shear modulus is equal to 0.4E. 
E being the modulus of elasticity. 

(b) Now, from this list of candidate matc- 
rials. select the one you wrould use Car this 
spring application. In addition to the above 
criteria, the material must be relatively 
c”rr”si”n resistant, and. of C”“I’SC, capable 
of being fabricated into wire form. Justify 
your decision. 

A spring having 10 coils and a coil-to-coil 
diameter of 0.4 ill. is to bc made of cold- 
drawn steel wire. When a lcnsile load of 
12.9 lb, is applied the spring is t” defect 
no more than 0.80 in The cold drawing 
operation will, olcoursc, incrcasc the shear 
yield strength of the wire, and it has been 
ohsewed that 7: (in ksi) depends on a-ire 
diameter ii (in in.) according to 
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If the shear modulus for tms btccl is 11.5 
X IO” psi. calculate the minimum wire di- 
amctcr rcquircd such that the spring will 
not plastically &form when subjcctcd to 
the ahove load. 

23.DY A helical spring ib to be constructed lrom 
a 4340 steel. The design calls fc)r 12 coils. 
a coil-to-coil diameter of 12 mm, and a 
wire diamctcr of 2 mm. Furthcrmorc. in 
response to a tensile force of 27 N. the 
total deflection is t” he no more than 3.5 
mm. Specify a heat trcatmcnt for thi? 4340 
steel wire in “rdcr Car the spring to meet 
the above criteria. Assume a bhear modu- 
IUI of 80 GPa fol- this steel alloy. and that 
~3 = 0.60,,. 

23.DlU Using the 5% Solve softwarc included on 
the CD-ROM that accompanies this book. 
construct a routine for the automobile 
valve spring (Section 23.5) that allows the 
user lo specify the numbcrof cffcctivc coils 
(N), the spring coil-to-coil diameter (I)), 
and the wire cross-section diameter (d). 
and calculates the fatigue limit (T,,!) as well 
as the actual stress amplitude (TV,,,). Incor- 
porate into this routine values cited for 
installed and maximum deflections per coil 

23.Dll 

23.012 

(i.e., 8,,, 0.24 m and 8,,,, = U.54 ~1.). a 
well as to!- the shear modulu of steel (C 
= 11 .i X IO” pqi). 

You have been asked to sclcct a mctal 
alloy to be used as leadframe plale in an 
intcgratcd circuit package that is to house 
a sdrcon chip. 

(a) llsing the database in Appendix B (or 
on the CD-ROM) list those materials that 
are electrically conductive [v > 10 X IO” 
(n-m)- ‘1, have linear cocflicicnts of thw 
ma1 expansion of between 2 X IO-” and 10 
x IO-” (“C)-‘. and thermal conductiuities 
of greater than 100 W/n-K. On the bases 
of properties and cost, would you consider 
any of these materials in preference lo 
those listed in Table 23.6’~ Why or why 
not? 

(b) Rcpcat this procedure for potential in- 
sulating leadlramc plate materials that 
must have electrical conductiviticr less 
than 1 O- ‘I) ((1.m) ‘, as well as coefficients 
of ihermal cxpanyion between 2 X IO ’ 
and 10 x lo-” (“Q’. and thermal conducm 
tivities of greater than 30 W/m-K. On the 
bases of propcrtics and c”st (Appendix C). 
would you considcr any of the materials 
listed in Appendix B (or on the CD-ROM) 
in preference to aluminum oxide? Why or 
why not? 

After consultation of “nc of the following 
references. describe the shape mcmorp cf- 
feet, and then explain the mechanism (in 
terms of phase traxformations, etc.) that 
is responsible for thib phcn”mcnon. Noa 
suggest three practical applications in 
which an alloy displaying this shape mem- 
“ry effect may be ulilixd. 

Schetky. L. M.. “Shape-Memory Alloys,‘. 
Scien/ilicA,ne~icnn. Vol. 241, No. 5. No- 
vcmbcr 1979, pp. 74&X2. 

“Shape-Memory Alloys-Mctallwgical So- 
lution Looking for a Problem,” Mefoi- 
Irqiir. Vol. 51. No. 1, January 1984, 
pp. 26-29. 

23.D13 Write an essay on the replaccmcnt of mc- 
tallic automobile components by polymer, 
and comp”Fitc materials. Address the 
followine issues: (1) Which automotive 



componmls (c.p., crank&aft) now use 
polymers and/or composites? (2) Specifi- 
cally what materials (e.g., high-dcn$ity 
polycthylcnc) arc now being used? (3) 
What are the reabons for these replace- 
ments? 

23.D14 Perform a tax siudy on material usage f01 
the compxt disc, after the manner of thaw 
studies described in this chapter. Rcgin 
with a brief dcvzription of the mechanism 
by uhich sounds are stored and then repro- 
duced. Then, cite all ot the requisite matc- 
rial propcrticr for thi? application; Gnally. 
nole \\hich material is most commonly uti~ 
lircd. and the rationale for its use. 

23.DlS One of the critical components of ow mod- 
ern video cassette recorders (VCRs) ib the 
magnetic ~cco~ding/playhack head. Write 
an essay in which you address the following 
issues: (1) the mechanism by which the 
head records and plays hack video/audio 
signals: (2) the req&ite properties for the 
material from which the head is manufac- 
tured: then (3) p~scnt at Icast three likely 
candidate materials. and the property vale 
ueb for each that make it a viable can- 
didatc. 

2.3.Dl6 Another group of new materials arc the 
metallic glasses ( 01 amorphous metals). 

LA”1 I 

come popular as a mechanism for deliv- 
ering drugs into the human body. 

(a) Cite at least one advantage of this 
drug-delivery system over oral administra- 
tion using pills and caplets. 

(b) Note the limitations on drugs that are 
administered hy tranrdermal patches. 

(c) Make a list of the characteristics re- 
quircd of materi& (other than the dclivcry 
drug) that are incorporated in the transder- 
ma1 patch. 

23.DlN Glass. aluminum. and various plastic mate- 
rials are utilized for beverage containers 
(page I). Make a list of the advantages and 
disadvantages of using each of these three 
material types: include such factors as cost, 
recyclability, and cncrgy consumption for 
container production. 

WI-itc an essay about thcsc materials in 
which you addrab the following issues: (1) 
compositions of some of the common me- 
tallic glawx (2) chamcteristicr of thcsc 
materials that make them technologically 
attractive: (3) characteristics that limit 
their utilization; (4) current and potential 
uses: and (5) at last one technique that is 
used to produce melallic glasses. 


