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HIGH-TEMPERATURE JOINTS

Bolted joints subjected to cyclic loading perform best if
an initial preload is applied. The induced stress mini-
mizes the external load sensed by the bolt, and reduces
the chance of fatigue failure. At high temperature, the
induced load will change, and this can adeversely affect
the fastener performance. It is therefore necessary to
compensate for high-temperature conditions when
assembling the joint at room temperature. This article
describes the factors which must be considered and illus-
trates how a high-temperature bolted joint is designed.

In high-temperature joints, adequate clamping force
or preload must be maintained in spite of temperature-
induced dimensional changes of the fastener relative to
the joint members. the change in preload at any given
temperature for a given time can be calculated, and the
affect compensated for by proper fastener selection and
initial preload.

Three principal factors tend to alter the initial
clamping force in a joint at elevated temperatures,
provided that the fastener material retains requisite
strength at the elevated temperature. These factors are:
Modulus of elasticity, coefficient of thermal expansion,
and relaxation.

Modulus Of Elasticity: As temperature increases,
less stress or load is needed to impart a given amount
of elongation or strain to a material than at lower tem-
peratures. This means that a fastener stretched a certain
amount at room temperature to develop a given preload
will exert a lower clamping force at higher temperature
if there is no change in bolt elongation.

Coefficient of Expansion: With most materials, the
size of the part increases as the temperature increases.
In a joint, both the structure and the fastener grow with
an increase in temperature, and this can result,depend-
ing on the materials, in an increase or decrease in the
clamping force. Thus, matching of materials in joint
design can assure sufficient clamping force at both
room and elevated temperatures. Table 16 lists mean
coefficient of thermal expansion of certain fastener
alloys at several temperatures.

Relaxation: At elevated temperatures, a material
subjected to constant stress below its yield strength will
flow plastically and permanently change size. This phe-
nomenon is called creep. In a joint at elevated tempera-
ture, a fastener with a fixed distance between the bearing
surface of the head and nut will produce less and less
clamping force with time. This characteristic is called
relaxation. It differs from creep in that stress changes
while elongation or strain remains constant. Such
elements as material, temperature, initial stress,
manufacturing method, and design affect the rate of
relaxation.

Relaxation is the most important of the three factors.
It is also the most critical consideration in design of
elevated-temperature fasteners. A bolted joint at 1200°F
can lose as much as 35 per cent of preload. Failure to
compensate for this could lead to fatigue failure through
a loose joint even though the bolt was properly tightened
initially.

If the coefficient of expansion of the bolt is greater
than that of the joined material, a predictable amount of
clamping force will be lost as temperature increases.
Conversely, if the coefficient of the joined material is
greater, the bolt may be stressed beyond its yield or even
fracture strength. Or, cyclic thermal stressing may lead to
thermal fatigue failure.

Changes in the modulus of elasticity of metals with
increasing temperature must be anticipated, calculated,
and compensated for in joint design. Unlike the coeffi-
cient of expansion, the effect of change in modulus is to
reduce clamping force whether or not bolt and structure
are the same material, and is strictly a function of the
bolt metal.

Since the temperature environment and the mate-
rials of the structure are normally “fixed,” the design
objective is to select a bolt material that will give the
desired clamping force at all critical points in the oper-
ating range of the joint. To do this, it is necessary to
balance out the three factors-relaxation, thermal expan-
sion, and modulus-with a fourth, the amount of initial
tightening or clamping force.

In actual joint design the determination of clamping
force must be considered with other design factors such
as ultimate tensile, shear, and fatigue strength of the fas-
tener at elevated temperature. As temperature increases
the inherent strength of the material decreases.
Therefore, it is important to select a fastener material
which has sufficient strength at maximum service
temperature.

Example

The design approach to the problem of maintaining sat-
isfactory elevated-temperature clamping force in a joint
can be illustrated by an example. The example chosen is
complex but typical. A cut-and-try process is used to
select the right bolt material and size for a given design
load under a fixed set of operating loads and environ-
mental conditions, Fig.17.

The first step is to determine the change in thick-
ness, At, of the structure from room to maximum
operating temperature.

For the AISI 4340 material:
Aty = t(T; - Th)o
Aty = (0.50)(800 - 70) (7.4 x 107°)
Aty = 0.002701 in.
For the AMS 6304 material:
At, = (0.75)(800 - 70)(7.6 X 107°)
At, = 0.004161 in.

The total increase in thickness for the joint members
is 0.00686 in.

The total effective bolt length equals the total joint
thickness plus one-third of the threads engaged by the
nut. If it is assumed that the smallest diameter bolt
should be used for weight saving, then a 1/4-in. bolt
should be tried. Thread engagement is approximately
one diameter, and the effective bolt length is:
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d = Bolt diam, in.
E = Modulus of elasticity, psi
F, = Bolt preload, Ib

F. = Clamping force, Ib
(Fp=F)

F., = Working load=1500 Ib
static + 100 Ib cyclic

T; = Room temperature= 70°F

T, = Maximum operatng
temperature for
1000 hr=800°F

t = Panel thickness, in.
a = Coefficient of thermal
expansion

L = Effective bolt length, inc.

Fig. 17 — Parameters for joint operating at 800°F.

L= t + t2+(1/3d)
L =0.50 + 0.75 +(1/3 x 0.25)
L=1.333in.

The ideal coefficient of thermal expansion of the
bolt material is found by dividing the total change in
joint thickness by the bolt length times the change in
temperature.

At
L X At

_ 00686
(1.333)(800 — 70)

The material, with the nearest coefficient of expan-
sion is with a value of 9,600,000 at 800°F.

To determine if the bolt material has sufficient
strength and resistance to fatigue, it is necessary to cal-
culate the stress in the fastener at maximum and mini-
mum load. The bolt load plus the cyclic load divided by
the tensile stress of the threads will give the maximum
stress. For a 1/4-28 bolt, tensile stress area,from thread
handbook H 28, is 0.03637 sq. in. The maximum stress is

Boltload = 1500 + 100
Stress area 0.03637

Smax = 44,000 psi
and the minimum bolt stress is 41,200 psi.

H-11 has a yield strength of 175,000 psi at 800°F,
Table 3, and therefore should be adequate for the work-
ing loads.

ob =

o =7.05 X 10®in./in./deg. F

Smax -

A Goodman diagram, Fig. 18, shows the extremes
of stress within which the H-11 fastener will not fail by
fatigue. At the maximum calculated load of 44,000 psi,
the fastener will withstand a minimum cyclic loading at
800°F of about 21,000 psi without fatigue failure.
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Fig. 18 — Goodman diagram of maximum and minimum
operating limits for H-11 fastener at 800°F. Bolts stressed
within these limits will give infinite fatigue life.

Because of relaxation, it is necessary to determine
the initial preload required to insure 1500-Ib. clamping
force in the joint after 1000 hr at 800°F.

When relaxation is considered, it is necessary to
calculate the maximum stress to which the fastener is
subjected. Because this stress is not constant in dynamic
joints, the resultant values tend to be conservative.
Therefore, a maximum stress of 44,000 psi should be
considered although the necessary stress at 800°F need
be only 41,200 psi. Relaxation at 44,000 psi can be inter-
polated from the figure, although an actual curve could
be constructed from tests made on the fastener at the
specific conditions.

The initial stress required to insure a clamping stress
of 44,000 psi after 1000 hr at 800°F can be calculated by
interpolation.

x=61,000 - 44,000 = 17,000
y = 61,000 - 34,000 = 27,000
B =80,000 - 50,000 = 30,000

A=280,000-C

x = _A 17,000 = 80,000-C
y B 27,000 30,000

C=61,100 psi

The bolt elongation required at this temperature is
calculated by dividing the stress by the modulus at tem-
perature and multiplying by the effective length of the
bolt. That is: (61,000 x 1.333)/24.6 X 10° = 0.0033

Since the joint must be constructed at room tem-
perature, it is necessary to determine the stresses at
this state. Because the modulus of the fastener material
changes with temperature, the clamping force at room
temperature will not be the same as at 800°F. To deter-
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mine the clamping stress at assembly conditions, the
elongation should be multiplied by the modulus of
elasticity at room temperature.

.0033 x 30.6 X 10° = 101,145 psi

The assembly conditions will be affected by the
difference between th ideal and actual coefficients of
expansion of the joint. The ideal coeffienct for the fas-
tener material was calculated to be 7.05 but the closest
material — H-11 — has a coefficient of 7.1. Since this
material has a greater expansion than calculated, there
will be a reduction in clamping force resulting from the
increase in temperature. This amount equals the differ-
ence between the ideal and the actual coefficients
multiplied by the change in temperature, the length of
the fastener, and the modulus of elasticity at 70°F.

[(7.1-7.05) x 107°1[800 - 70][1.333] X
[30.6 x 10°] = 1,490 psi

The result must be added to the initial calculated
stresses to establish the minimum required clamping
stress needed for assembling the joint at room
temperature.

101,145 + 1,490 = 102,635 psi

Finally, the method of determining the clamping
force or preload will affect the final stress in the joint at
operating conditions. For example, if a torque wrench is

Table 16

used to apply preload (the most common and simplest
method available), a plus or minus 25 per cent variation
in induced load can result. Therefore, the maximum load
which could be expected in this case would be 1.5 times
the minimum, or:

(1.5)(102,635) = 153,950 psi

This value does not exceed the room-temperature
yield strength for H-11 given in Table 19.

Since there is a decrease in the clamping force with
an increase in temperature and since the stress at operat-
ing temperature can be higher than originally calculated
because of variations in induced load, it is necessary to
ascertain if yield strength at 800°F will be exceeded

(max stress at 70°F + change in stress) X E at 800°F
E at 70°F

[153,950 + (-1490)] X 24.6 X 10° = 122,565
30.6 x 10°

This value is less than the yield strength for H-11 at
800°F, Table 19. Therefore, a 1/4-28 H-11 bolt stressed
between 102,635 psi and 153,950 psi at room tempera-
ture will maintain a clamping load 1500 Ib at 800°F after
1000 hr of operation. A cyclic loading of 100 Ib, which
results in a bolt loading between 1500 and 1600 Ib will
not cause fatigue failure at the operating conditions.

PHYSICAL PROPERTIES OF MATERIALS USED TO MANUFACTURE ALLOY STEEL SHCS’S

Coefficient of Thermal Expansion, um/m/°K’

Table 19 - Yield Strength at Various Temperatures

20°C to 100 200 300 400 500 600
68°F to 212 | 3% 572 752 932 | 1112 Alloy Temperature (F)
70 800 1000 1200
Material
Stainless Steels
5137M, Type 302 35,000 | 35,000| 34,000 30,000
51B37M? - 12.6 13.4 13.9 14.3 14.6 Type 403 145,000 | 110,000| 95,000 | 38,000
4137° 1.2 18 12.4 13.0 136 ~ PH 15-7 Mo 220,000 | 149,000( 101,000 -
3 High Strength Iron-Base Stainless Alloys
4140 12.3 12.7 - 13.7 - 14.5 A 286 95,000 | 95,000 90,000 | 85,000
3 _ _ _ AMS 5616 113,000 80,000| 60,000 40,000
4340 124 136 145 Unitemp 212 150,000 | 140,000 | 135,000 | 130,000
3
8735 11.7 12.2 12.8 135 - 14.1 High Strength Iron-Base Alloys
8740° 11.6 12.2 12.8 135 _ 14.1 AISI 4340 200,000 | 130,000 75,000 -
H-11 (AMS 6485) | 215,000 | 175,000 | 155,000 -
AMS 6340 160,000 | 100,000| 75,000 -
Modulus of Elongation (Young’s Modulus) Nickel-Base Alloys
. Iconel X 115,000 - - 98,000
E = 30,000,000 PSl/in/in Waspaloy 115,000 | - | 106,000{100,000

NOTES:

1. Developed from ASM, Metals HDBK, 9th Edition, Vol. 1 (°C = °K for values listed)

2. ASME SA574
3. AlSI
4. Multiply values in table by .556 for pin/in/°F.
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