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STRUCTURAL STABILITY AND VARIATION OF PROPERTIES
OF ALUMINUM ALLOYS D16 AND 1953 IN PRODUCTION

AND OPERATION OF DRILL PIPES

S. Yu. Kondrat’ev,! O. G. Zotov,! and O. V. Shvetsov?
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The effect of the temperature and time parameters of production and service of drill pipes from aluminum al-
loys D16T and 1953T1 on their structure and mechanical properties is studied. The structural changes in the
alloys due to production and operation heatings are determined.
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INTRODUCTION

Today, aluminum alloys compete with steels successfully
in the production of equipment for the oil and gas industry
due to their low specific weight, high mechanical properties
and corrosion resistance [1 —4]. For example, drill pipes are
fabricated from deformable alloys D16T and 1953T1 a con-
siderable advantage of which is their high specific strength.
This characteristic depends substantially on the production
process and on the conditions of operation of the equipment.
Shrink fitting of an interlock heats the metal to 250°C, while
drill pipes in service are heated to 100 — 200°C [3, 4]. The
operating capacity of aluminum alloys under such conditions
is determined to a high degree by their heat resistance. How-
ever, we should state that the relevant literature contains no
systematized experimental data on the effect of the produc-
tion process and operating conditions on the properties of
aluminum drill pipes.

The aim of the present work was to study the structure
and mechanical properties of drill pipes from aluminum al-
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TABLE 1. Actual Chemical Composition of Studied Alloys

loys D16T and 1953T1 under successive action of produc-
tion (hot fitting of interlocks) and operational heatings.

METHODS OF STUDY

Preforms for the study were cut in the longitudinal direc-
tion from deformed semiproducts, i.e., pipes with external
diameter 147 mm and wall thickness 13 mm produced from
aluminum alloys D16T and 1953T1 of the Al - Cu— Mg and
Al —7Zn — Mg systems respectively. As-delivered, the pipes
were heat treated in a standard mode. For D16T the treatment
consisted of water quenching from 500°C and natural aging
for 4 days; for 1953T1 the treatment consisted of water
quenching from 480°C and artificial aging at 125°C for 24 h.

The homogeneity of the chemical composition of the ma-
terials was estimated by microscopic x-ray spectrum analysis
using a “Camebax” device. Studies of various pipe regions
showed the absence of segregation of the alloying elements.
The content of the main chemical elements in the alloys
matched the standardized values (Table 1).

We prepared standard fivefold cylindrical specimens
6 mm diameter for the tensile mechanical tests and cylindri-
cal specimens 10 mm in diameter and 20 mm high for the
x-ray diffraction and metallographic studies and for deter-
mining the microhardness.

Content of main chemical elements, wt.%

Grade
of alloy Al Mg Zn Mn Cu Zr Cr Ti Fe Si
D16T Base 1.62 0.30 0.53 4.54 - - 0.08 0.45 0.48
1953T1 Base 2.60 5.70 0.17 0.45 0.02 0.19 0.05 0.10 0.05
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The specimens were subjected to a single short-term hold
for 3 — 10 min at 200 or 250°C to imitate the heating of drill
pipes due to hot fitting of interlocks and then to a long hold at
150°C for 500 or 1000 h, which matched the operating condi-
tions. The specimens were heated in “SNOL-1.6.2.5.1/11-12”
chamber furnaces. The temperature was controlled with the
help of a thermocouple calked into the center of the control
specimen. The accuracy of the temperature control was
+ 2.5°C. The specimens were charged into the furnace pre-
liminarily heated to the specified temperature, held for the
specified time, and then cooled in air. After the heat treat-
ment we determined the mechanical properties and studied
the structure of the alloys.

Metallographic analysis of longitudinal and transverse
laps was performed with the help of a “Reichert-Jung
MeF3A” light microscope at magnifications x 100 — x 500
using a software for automatic quantitative analysis of im-
ages in accordance with the ASTM E 1245-03 standard. The
metallographic specimens were prepared using a “Buehler”
facility in accordance with the ASTM E 3-95 standard.

Phase analysis was performed with the help of a univer-
sal “Bruker D8 Advance” x-ray diffractometer under radia-
tion of a tube with a copper anode. The diffractograms were
obtained at a voltage of 4 kV, a current of 40 mA, a step of
the scintillation detector of 0.01, and an interval of Bragg dif-
fraction angles 26 =[15—130]° for dominant orientations
(111) and (002).

The mechanical properties were determined in static tests
for uniaxial tension at room temperature according to the
GOST 1497-84 standard. The tests were performed with the
help of a “Schenck” machine with maximum load of 200 kN
at a loading rate of 1 mm/min.

The microhardness was determined by the Vickers
method using a “Reichert-Jung Micro-Duromat 4000E” de-
vice in accordance with ASTM E 92.

RESULTS AND DISCUSSION

The results of the determination of the mechanical pro-
perties of the metal of the pipes in the state as-delivered are
presented in Table 2. It can be seen that the properties of the
alloys virtually match the standardized values. Note that the
initial strength of alloy 1953T1 is higher and the ductility is
lower than those of D16T.

The variation of the strength and ductility of the alloys
after process heating has been studied in detail in our work
[5]. We established that process heating within 200 —250°C
for up to 10 min in hot fitting of an interlock affects substan-
tially the structure and mechanical properties of the metal of
drill pipes from aluminum alloys D16T and 1953T1. Alloy
D16T is much more resistant to process softening than alloy
1953T1.

The analysis of structures performed in [5] has shown
that the variation of the properties of a drill pipe under pro-
cess heating is caused by diffusion processes that occur dif-
ferently in the two alloys. As a result of the contradictory ef-

TABLE 2. Actual and Standardized Mechanical Properties of the
Studied Alloys As-Delivered

ocf}fj;i:y Material ., MPa c,,,MPa § % v, %
D16T  Actual 520 340 15 14
GOST 4784-97 >300 >470 <19 -
1953T1 Actual 570 520 12 21

TU 1-2-592-2003 >520 >470 <6.5 -

fect of the “aging retrogression” and subsequent precipita-
tion hardening the properties of D16T remain virtually in-
variable after the heating as compared to the state as-deli-
vered. The decomposition of the solid solution and the coars-
ening of the particles of intermetallic phases in heating of al-
loy 1953 in the studied range of holds causes considerable
softening.

Basing ourselves on the experimental data on the effect
of process heatings on the structure and properties of alloys
D16T and 1953T1 we studied the action of subsequent oper-
ational heating for specimens treated preliminarily in the
most typical modes, namely, heating to 200 and 250°C and
holding for 6 and 10 min.

Figure 1 presents the variation of the mechanical proper-
ties of alloy D16T after process heating in the chosen modes
and subsequent operational heating at 150°C with a hold of
500 and 1000 H. It can be seen that for D16T the 50-h opera-
tional hold at 150°C does not affect substantially the ultimate
rupture strength o, and the 100-h hold decreases it incon-
siderably (by 30 — 90 MPa with respect to the state of the
material after the process heating depending on its mode and
by 80 — 100 MPa with respect to the state as-delivered). The
conventional yield strength o, , of the alloy after the 500-h
hold increases inconsiderably (by 20 — 17 MPa) and after the
100-h hold falls to the level corresponding to the state after
the process heating. The ductility characteristics of the alloy,
i.e., the elongation & and the contraction y, vary monotoni-
cally during the hold at 150°C. When the duration of the hold
exceeds 500 h, 6 and y decrease somewhat with respect to
the state as-delivered.

It is important that increase in the temperature of the pre-
liminary process heating from 200 to 250°C and in the hold
time from 6 to 10 min virtually does not affect the kind and
intensity of the variation of the mechanical properties of al-
loy D16T in the subsequent long-term operation at 150°C.

A 500-h operational hold of alloy 1953T1 at 150°C
causes marked and considerable lowering of the strength
characteristics, i.e., o, decreases by 70 — 110 MPa and o,
decreases by 20 — 170 MPa with respect to the state of the
material after process heating (depending on its conditions)
and by 140-160 MPa and 180 —200 MPa, respectively,
with respect to the state as delivered (Fig. 2). When the hold
time is increased to 1000 h, the alloy softens too, but the in-
tensity of the softening is much lower. The ductility charac-



528

S. Yu. Kondrat’ev et al.

G0.25 Or> MPa a Gp25 O, MPa
500 \ 5001
E— o
N r
450 //\ 4507
~
400 1 400
u Go.2
350 1 . : 350
~—— TS
- L.
300 - T T T 300 - T T T
As-deliv. 0 500 1000 T,h  As-deliv. 0 500 1000 T, h
8y, % 8, %
18 i
4 16_
161 N <,
] v 14 /
14: / Fig. 1. Effect of the duration of the hold
121 121 at 150°C on mechanical properties of al-
] 5 N loy DI16T after preliminary heating
101 104 8 (point “0”) to 200°C (@) or 250°C (b)
. : . . , , with a hold of 6 min (O, ®) or 10 min
As-deliv. 0 500 1000 t,h  As-deliv. 0 500 1000 T, h

teristics of alloy 1953T1 increase monotonically during
holding at 150°C. After a 1000-h hold & increases by 1 —3%
and y increases by 20 — 23% relative to the state of the mate-
rial after the process heating and by 4 — 7% and 24 —29%,
respectively, relative to the state as-delivered. Note that the
growth of the values of contraction is an order of magnitude
higher than the growth of the values of the elongation. This
indicates decrease in the strain hardening factor of the alloy.
In contrast to alloy D16T, increase in the temperature of
process heating from 200 to 250°C and in the hold time from

(g, m.

6 to 10 min promotes substantially higher softening or alloy
1953T1 in subsequent operational heating, especially due to
the hold of up to 500 h.

The results of the determination of the mechanical pro-
perties show that the heat resistance of D16T is substantially
higher than that of 1953T1 both due to the process heating
and due to the operational heating of drill pipes. The strength
and ductility characteristics of alloy D16T are steady enough
under these conditions and change inconsiderably with re-
spect to the state as-delivered (Table 2, Figs. 1 and 2). The
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Fig. 3. Microstructure of alloys D16T (a — ¢) and 1953T1 (d —f) as delivered (a, d ) and after 6-min process
heating at 250°C followed by operational heating at 150°C for 500 h (b, €) and 1000 h (c, f). x 200.

mechanical properties of alloy 1953T1 are more sensitive to
process and operational heatings of drill pipes and this re-
sults in their substantial softening. The decrease in the values
of o, and o, of alloy 1953T1 after process heating and sub-
sequent operational heating by the regimes studied amounts
to 30 — 40% of the values in the state as delivered.

The metallographic and x-ray diffraction studies allowed
us to establish that the structure of alloy D16T both as-deli-
vered and after process and operational heatings of different

durations contained an aluminum-base a-solid solution and
Al,CuMg (phase S) and Al,Cu (phase 0) intermetallics. This
means that the phase composition of the alloy remained un-
changed after these heatings, but the experimental data show
that their temperature influenced considerably the content
and the sizes of the intermetallic inclusions (Fig. 3a — ¢).
Table 3 presents the results of a quantitative metallogra-
phic analysis of the structure of alloy D16T in the state as-de-
livered and after process and operational heatings performed

TABLE 3. Content and Sizes of Intermetallic Phases (IP) in the Structure of Alloy D16T As-Delivered and after Production Process and Ope-

rational Heatings by Different Regimes

State of material

After process and operational heatings by regimes:

Structural 200°C 250°C
characteristics Initial
of IP state (as 6 min 10 min 6 min 10 min
delivered)
150°C 150°C
0h 500 h 1000 h 0h 500 h 1000 h 0Oh 500 h 1000 h 0Oh 500 h 1000 h
Volume fraction, %  3.40 2.53 4.15 5.45 4.16 5.47 6.28 2.89 4.76 5.75 4.30 5.98 6.40
Distribution den- 12,409 7820 16,366 15,252 14,238 28,125 13,709 8203 16,239 12,110 16,350 24,351 12,648
sity, 1/mm?
Mean length, um 1.80 2.28 1.32 1.56 1.84 1.12 2.32 2.77 1.30 1.51 1.50 1.21 2.77
Mean area, pmz 2.70 5.61 1.54 1.60 2.50 1.24 4.73 7.35 1.47 1.90 2.80 1.35 5.60
Maximum diame-
ter, um 2.00 2.19 2.02 2.11 2.60 2.64 2.76 2.35 2.29 2.37 2.77 2.85 3.09
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Fig. 4. Effect of the duration of the hold at 150°C on microhardness
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by various regimes. It can be seen that the 500-h hold at
150°C increases the volume fraction and the distribution
density of the intermetallic phases. The mean values of the
length and of the area of the inclusions decrease considerably
but their maximum diameter is virtually invariable. When the
duration of the operational heating is increased from 500 to
1000 h, the quantitative characteristics of the microstructure
of the alloy change in the opposite direction except for the
volume fraction of the phases; the maximum diameter of the
inclusions increases somewhat. Growth in the temperature of
the preliminary process heating from 200 to 250°C intensi-
fies somewhat the effect of the operational heating on the de-
termined changes in the structure of the alloy.

Thus, the experimental data obtained show that a hold
for up to 500 h at the operational temperature of 150°C in-
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creases considerably the total content of secondary interme-
tallic phases in the structure of D16T due to the growth in the
content of fine inclusions. When the hold is prolonged to
1000 h, the intermetallic inclusions coarsen primarily due to
dissolution of fine particles.

The regular features determined allow us to assume that
in the initial period of the hold at the operational temperature
the structure of alloy D16T undergoes precipitation harden-
ing the start of which has been prepared by the preceding
process heating [5]. For this reason the structural changes in
the alloy at 150°C are intensified somewhat when the dura-
tion of the process heating is prolonged.

Growth in the content of fine inclusions in the structure
of D16T due to the initial stages of the artificial aging during
the hold at 150°C promotes strengthening of the matrix solid
solution [6, 7]. A hold of up to 500 h affects little the value of
o, and virtually does not change the value of o, raising
somewhat the values of & and . This fact and the inconsid-
erable change in the microhardness of the alloy (Fig. 4) re-
flect preservation of the strength of the matrix. Prolongation
of the hold at 150°C to 1000 h is accompanied by coarsening
of the secondary intermetallics and causes gradual softening
of the alloy [8]. However, this process develops in alloy
D16T slowly and does not result in considerable variation of
the mechanical properties.

Just like in alloy D16T, operational heating of 1953T1
does not change its phase composition qualitatively but af-
fects substantially the content and size of the secondary in-
clusions (See Fig. 3d — f). Both in the state as-delivered and
after process and operational heatings the structure of the al-
loy contains an aluminum-base a-solid solution and MgZn,
and A,M;Zn; (a T-phase) intermetallics.

A quantitative metallographic analysis has shown (Ta-
ble 4) that in the hold at the operational temperature of
150°C the volume fraction of the intermetallic phases in the

TABLE 4. Content and Sizes of Intermetallic Phases (IP) in the Structure of Alloy 1953T1 As-Delivered and after Process and Operational

Heatings by Different Regimes

State of material

After process and operational heatings by regimes:

Structural 200°C 250°C
characteristics Initial
of IP state (as 6 min 10 min 6 min 10 min
delivered)
150°C 150°C
0h 500 h 1000 h 0h 500 h 1000 h 0h 500 h 1000 h 0Oh 500 h 1000 h

Volume fraction, % 0.50 0.60 1.30 1.46 1.60 1.83 1.85 1.69 2.51 2.68 2.15 2.63 2.78
Distribution den-

sity, l/mm2 1491 1408 742 679 928 684 655 1485 692 634 800 573 536
Mean length, um 1.90 2.03 3.88 3.90 2.70 4.47 471 2.24 445 4.73 3.05 4.83 492
Mean area, umz 3.10 3.26 5.46 5.89 4.40 6.34 6.80 3.39 5.75 6.33 4.79 6.62 7.10
Maximum diame-

ter, um 2.10 2.17 4.14 4.31 2.49 4.69 4.83 2.53 4.56 4.87 3.46 4.67 4.73
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structure of alloy 1953T1 increases inconsiderably, but their
sizes grow markedly and the distribution density decreases.
The variation of the structure develops monotonically and in-
tensely from the start of the hold and damps somewhat after
500 h. Note that the determined quantitative changes in the
structural parameters during holding at 150°C are much
more pronounced in alloy 1953T1 upon growth in the tem-
perature and duration of the preceding process heating.

Analysis of the experimental data reflects intense occur-
rence of the process of artificial aging in alloy 1953T1 from
the start of the hold and in the whole of the range of its dura-
tion at 150°C. The aging occurs in the stage of decomposi-
tion of the supersaturated a-solid solution with segregation
of incoherent secondary phases [6 — 9], which is a factor de-
termining the properties of the alloy, especially in the initial
period of the hold. When the hold is extended over 500 h, the
alloy overages, and the process damps down progressively.
Coarsening of the intermetallics and softening of the matrix
solid solution (Fig. 4) cause decrease in the strength charac-
teristics and increase in the ductility characteristics of alloy
1953T1 and are responsible for the lowering of the
strain-hardening factor. As a consequence, an operational
heating lasting for up to 500 h causes marked softening of al-
loy 1953T1; prolongation of the hold makes the decrease in
the strength less considerable as well as the increase in the
ductility of the alloy.

The difference in the kind and intensity of the occurrence
of processes in alloys D16T and 1953T1 under the studied
heating modes explains their different resistance to fracture
in the production and operation of drill pipes. The precipita-
tion hardening and the high structural stability of alloy D16T
observed in production process and operational heatings pro-
vides inconsiderable changes in their mechanical properties
and a high operating capacity. The fast decomposition of the
matrix solid solution and the coarsening of the particles of
the intermetallic phases in the structure of alloy 1953T1 un-
der production process and operational heatings are responsi-
ble for its marked softening. Being stronger than D16T in the
state as delivered alloy 1953T1 is inferior to the former with
respect to this parameter even after a short-term heating in
the production of drill pipes to say nothing about the longer
heatings in operation. For example, the values of 6, and o,
of alloy 1953T1 in the initial state are 50 and 180 MPa
higher than the same characteristics of alloy D16T. However,
after the process heating and subsequent hold at the opera-
tional temperature of 150°C for 500 h the ultimate rupture
strength and the conventional yield strength of alloy 1953T1
are lower than those of alloy D16T by 3-40 and
30 — 60 MPa respectively. Alloy 1953T1 is considerably in-
ferior to D16T where the important operational characteristic
of the ductility margin 1 — 6, , /5, is concerned (Fig. 5).

Thus, the results obtained show that alloy D16 is more
advantageous than alloy 1953 for the production of drill
pipes for the oil and gas industry. Alloy D16 does not require
strict regulation of the temperature and time parameters in
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Fig. 5. Effect of the duration of the hold at 150°C on ductility mar-

gin (1 — 6y, /o, ) of alloys D16T (a) and 1953T1 (b) after prelimi-

nary heating (point “0”) to 200°C (O, ®) or 250°C (O, W) with a

hold of 6 min (O, O) or 10 min (@, W).

the production of equipment and exhibits higher operational
stability. This makes it, firstly, more adaptable to manufac-
ture and, secondly, more suitable for fabrication of drill pipes
serving under more rigid operational conditions than alloy
1953.

CONCLUSIONS

1. We have studied the structural stability and the varia-
tion of mechanical properties of drill pipes from aluminum
alloys D16T and 1953T1 under production process and ope-
rational heatings in the oil and gas industry. Alloy D16T has
been shown to be more resistant to the action of heating in
the processes of production and operation of pipes than alloy
1953T1I.

2. The variation of mechanical properties of alloys D16T
and 1953T1 in short-term (10 min) heating to 200 — 250°C
and subsequent 1000-h hold at 150°C is caused by the occur-
rence of diffusion processes in their structure, the kinds of
which differ in the alloys studied. In alloy D16T the ag-
ing-induced retrogression in short-term heating to 200 —
250°C and the slowly developing precipitation hardening in
subsequent long-term heating at 150°C are not accompanied
by substantial variation of the strength and ductility. In alloy
1953T1 the fast occurrence of the decomposition of the ma-
trix a-solid solution and the coarsening of the intermetallic
particles segregated in the structure cause marked softening.

3. It is necessary to control strictly the temperature and
time parameters of the production and the operational param-
eters of drill pipes from aluminum alloy 1953. Alloy D16 has
substantial production of operation advantages over alloy
1953 when these materials are used for making drill pipes for
the oil and gas industry.
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