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EFFECT OF HIGH-TEMPERATURE HEATING ON THE STRUCTURE

AND PROPERTIES OF ALUMINUM ALLOYS IN THE PRODUCTION

OF DRILL PIPES

S. Yu. Kondrat’ev1 and O. V. Shvetsov1

Translated from Metallovedenie i Termicheskaya Obrabotka Metallov, No. 4, pp. 24 – 30, April, 2013.

The effect of heating to 200 – 250°C for 3 – 10 min in hot fitting of locks in the process of production of drill

pipes from aluminum alloys D16T and 1953T1 on their structure and mechanical properties is studied. Practi-

cal recommendations are given for operations of hot fitting of locks of drill pipes from aluminum alloys to

provide increase in their operating capacity.

Key words: aluminum alloys, microstructure, mechanical properties, aging, process heating, drill

pipes.

INTRODUCTION

The use of high-strength aluminum deformable alloys for

the production of drill pipes in the oil and gas industry is

more advantageous than that of steel [1 – 6]. An important

merit of aluminum drill pipes is their higher specific strength

and, as a consequence, a lower mass, which is especially im-

portant under the conditions of development of new oil and

gas deposits lying at a great depth and in composite beds

[3, 4]. However, until present aluminum alloys have not been

employed appropriately in the oil and gas industry. This is a

result of the absence of systematized experimental data on

the variation of their structure and properties under the action

of various technological and operating factors. A very impor-

tant factor is the temperature, and not only under the operat-

ing conditions but also in the production of the drilling facili-

ties. For example, drill pipes are joined by steel locks that are

shrink fitted, which causes heating of the materials of the

lock and of the pipe [1, 4]. The lock heats to about 300°C

and the material of the pipe to 200 – 250°C. The time of the

residence of the pipe material under such temperatures at-

tains 10 minutes.

The aim of the present work was to study the changes in

the structure and properties of aluminum alloys D16T and

1953T1 as a result of process heating of drill pipes produced

from them due to hot fitting of interlocks.

METHODS OF STUDY

The specimens for the study were cut in the longitudinal

direction from deformed preforms of drill pipes with

� 147 mm and wall thickness 13 mm produced from alumi-

num alloys D16T and 1953T1 of the Al – Cu – Mg and

Al – Zn – Mg systems, respectively. In the state as delivered

the pipes were heat treated by the standard regimes. For alloy

D16T the heat treatment involved quenching from 500°C in

water and artificial aging for 4 days; for alloy 1953T1 it in-

volved quenching from 480°C in water and artificial aging at

125°C for 24 h.

Homogeneity of the metal with respect to the chemical

composition was estimated by microscopic x-ray spectrum

analysis using a “Camebax” device. The results of the study

in various regions of the pipe showed no feature of segrega-

tion of the alloying elements. The content of impurities in the

alloys was < 0.1 wt.%. The content of the main alloying

elements in both alloys matched the standardized values

(Table 1).

We fabricated standard fivefold cylindrical pieces with

d
0

= 6 mm for tensile mechanical tests and cylindrical test

pieces with � 10 mm and a height of 20 mm for diffraction

and metallographic studies and for determining the micro-

hardness.

The test pieces were subject to a single hold for

3 – 10 min at 200 or 250°C, which simulated process heating

of drill pipes due to shrink fitting of a lock. The test pieces

were heated in SNOL-1.6.2.5.1�11-I2 chamber furnaces. The
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temperature was controlled with the help of a thermocouple

sealed into the center of the control piece. The accuracy of

the temperature control was � 2.5°C. The test pieces were

charged into the furnace heated preliminarily to the required

temperature, held there for the specified time and then cooled

in air. After the thermal action 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 a magnification of � 100 – � 500 using

the ASTM E 1245-03 software for automatic quantitative

analysis of images. The metallographic specimens were fab-

ricated and prepared using special Buehler equipment ac-

cording to the ASTM E 3-95.

Phase analysis was performed with the help of a Bruker

08 Advance universal x-ray diffractometer under irradiation

of a tube with a copper anode; the generator was rated for

40 kV and 40 mA, the scintillation detector was displaced at

a step of 0.01°, the Bragg angle range 2� = [15 – 130]°, the

dominant orientations were (111) and (002).

The second-kind stresses were determined by the method

of approximation from traces of the same lines using the

TOPAS software. The standard for geometric broadening of

the lines was a check test piece from an aluminum powder of

spectral purity.

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” tensile-testing machine with maximum

load 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 device

in accordance with the ASTM E 92 Standard.

RESULTS AND DISCUSSION

The results of the determination of mechanical properties

of aluminum drill pipes in the state as delivered are presented

in Table 2. It can be seen that the properties of the studied al-

loys match the standardized values. It should be noted that

the initial strength of alloy 1953T1 is higher and the ductility

is lower than those of alloy D16T.

Figure 1 shows the variation of mechanical properties of

the alloys after process heating in different modes. It can be

seen that a hold for 3 – 10 min at the temperatures of 200 and

250°C affects the properties alloy 1953T1 considerably; the

properties of D16T are affected less.

A 5 – 7-min hold at 200 – 250°C lowers the ultimate rup-

ture strength �
r

of alloy D16T by 40 – 70 MPa and the yield

strength �
0.2

by 20 – 60 MPa relative to the initial condition.

The elongation � and the contraction � increase by 2 – 4%.

Growth in the hold time to 10 min affects the properties of

the alloy oppositely; the strength and the ductility return to

virtually the initial values. It is important that the behavior of

the properties of alloy D16T is the same at both tempera-

tures, but at 250°C the absolute value of the changes is

higher and the inflection of the curves is shifted to shorter

holds than at 200°C.

The variation of the mechanical properties of alloy

1953T1 as a result of holding at 200 – 250°C remains the

same upon growth in the duration of the hold in the whole of

the range studied, but the scope of the variation increases

substantially. Prolongation of the hold to 5 – 6 min causes

smooth and inconsiderable decrease in the strength proper-

ties and raises the ductility characteristics of the alloy with

respect to the initial state. Further increase in the hold inten-

sifies markedly the variation of the mechanical properties.

For example, after a 10-min hold at 200°C the value of �
r
de-

creases by 80 MPa and that of �
0.2

decreases by 110 MPa,

while at 250°C the respective values are 90 and 180 MPa.

The values of � and � grow simultaneously by 4% at 200°C

and by 5 and 8%, respectively, at 250°C. Note that the effect

of the growth in the temperature from 200 to 250°C is higher

for alloy 1953T1 than for alloy D16T.

Thus, the strength and ductility characteristics of alloy

D16T are relatively stable in process heating in the tempera-

ture range of 200 – 250°C for 3 – 10 min and virtually corre-

spond to the values in the state as delivered after a hold for

10 min. On the contrary, alloy 1953T1, which has higher
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TABLE 1. Actual and Standard Chemical Compositions of Studied Alloys

Grade

of alloy
Composition

Content of main chemical elements, wt.%

Al Mg Zn Mn Cu Zr Cr Ti Fe Si

D16T Actual Base 1.62 0.30 0.53 4.54 – – 0.08 0.45 0.48

GOST 4784–97 Base 1.2 – 1.8 0.30 0.3 – 0.9 3.8 – 4.9 – – 0.10 0.50 0.50

1953T1 Actual Base 2.60 5.70 0.17 0.45 0.02 0.19 0.05 0.10 0.05

TU 1-2-592–2003 Base 2.0 – 3.0 5.6 – 6.2 0.1 – 0.3 0.40 – 0.80 	 0.10 0.15 – 0.25 0.02 – 0.1 	 0.25 	 0.20

TABLE 2. Actual and Standard Mechanical Properties of Studied

Alloys as Delivered

Grade

of alloy
Composition �

r
, MPa �

0.2
, MPa �, % �, %

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 –



strength properties in the initial condition, is more sensitive

to process heating. After a hold for 5 – 6 min the alloy soft-

ens considerably, especially at the temperature of 250°C; af-

ter a hold of 8 – 10 min the relative decrease in the strength

characteristics of alloy 1953T1 attains 15 – 30% of the val-

ues in the state as delivered.

Our studies also show (Fig. 2) that D16T is not only

more resistant to softening in process heating but also pos-

sesses a higher reserve of ductility than 1953T1. It can be

seen from Fig. 2 that alloy D16T is more advantageous than

1953T1 with respect to the characteristic 1 – �
0.2

��
r

both in

the state as delivered and after process heating in all the

modes studied.

The x-ray diffraction analysis has shown that the phase

composition of alloy D16T does not change qualitatively as a

result of process heating. Both in the state as delivered and

after heating for various times the structure of the alloy is

represented by an aluminum-base �-solid solution and

Al
2
CuMg (S-phase) and Al

2
Cu (�-phase) intermetallics.

However, according to the data of the metallographic analy-

sis, the content and the sizes of the intermetallic inclusions in

the structure of alloy D16T vary considerably depending on

the heating temperature and on the duration of the hold

(Fig. 3). It can be seen from the experimental data presented

in Table 3 that the growth in the duration of heating at 200

and 250°C to 5 – 6 min lowers the volume fraction of the

secondary phases and the density of their distribution in the

structure of the alloy as compared to the initial state. The

average values of the length and area of the inclusions grow

substantially. The maximum diameter of the intermetallic in-

clusions remains virtually unchanged and is equal to 2.0 –

2.3 �m. On the contrary, prolongation of the time of the heat-

ing to 10 min causes growth in the volume fraction and in the

density of the distribution of the secondary phases in the

structure of the alloy and decrease in the average values of

their length and area. The maximum diameter of the interme-

tallics increases inconsiderably, i.e., to 2.6 – 2.8 �m.
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Fig. 1. Dependences of mechanical

properties of alloys D16T (a) and

1953T1 (b ) on the duration of process

heating at a temperature of: �, �)

t = 200°C; �, �) t = 250°C.
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Fig. 2. Effect of the duration of process heating at different tempe-

ratures on the ductility reserve (1 – �
0.2

��
r
) for alloys D16T and

1953T1: �, �) t = 200°C; �, �) t = 250°C.



Thus, it follows from the experimental data obtained that

heating in the temperature range of 200 – 250°C for

5 – 6 min lowers the content of intermetallic phases in the

structure of alloy D16T due to considerable decrease in the

content of fine inclusions, whereas the coarser inclusions do

not undergo noticeable changes. When the duration of the

heating is prolonged above 6 min, the total content of the

secondary phases grows considerably due to the increase in

the amount of fine inclusions at some growth of the sizes of

the coarse intermetallics.

The dependences plotted allow us to assume that short-

term (< 5 – 6 min) process heating at 200 – 250°C is accom-

panied by dissolution of pre-segregations and fine dispersed

inclusions of the S- and �-phases in the structure of the natu-

rally aged alloy D16T, with is known as “aging retrogres-

sion” [7 – 9]. This results in some softening of the alloy and

growth in its ductility (see Fig. 1). Longer heating (6 –

10 min) initiates artificial aging of the alloy and segregation

of fine dispersed intermetallic S- and �-phases, which causes

hardening of the alloy despite the certain coagulation of the

not dissolved coarse inclusions present in the structure in the

state as delivered [9, 10]. The occurrence of these processes

in alloy D16T is confirmed by the behavior of the stresses of

kind II and of the values of the microhardness as a function

of the duration of process heating at 200 and 250°C (Fig. 4a

and b ).
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TABLE 3. Content and Sizes of Intermetallic Phases (IP) in the Structure of Alloy D16T in the State as Delivered and after Different Variants

of Process Heating

Structural characteristic of IP

Initial state

(as deli-

vered)

After process heating at:

t = 200°C t = 250°C


, min 
, min

3 5 6 8 10 3 5 6 8 10

Volume fraction, % 3.40 2.57 2.50 2.53 3.32 4.16 2.48 2.50 2.89 3.55 4.30

Distribution density, 1�mm
2 12,409 7973 7536 7820 9536 14,238 6646 7600 8203 12,100 16,350

Mean length, �m 1.80 1.92 2.06 2.28 2.16 1.84 2.16 2.40 2.77 2.09 1.50

Mean area, �m
2 2.70 3.10 4.20 5.61 3.84 2.50 3.82 4.60 7.35 4.65 2.80

Maximum diameter, �m 2.00 2.07 2.12 2.19 2.36 2.60 2.18 2.27 2.35 2.46 2.77

à

d

b

e

c

f

40 m�
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40 m�

40 m�

Fig. 3. Microstructure of alloys D16T (a – c) and 1953T1 (d – f ) in the state as delivered (a, d) and after process

heating at 250°C for 6 min (b, e) and 10 min (c, f ), � 200.



Process heating of alloy 1953T, just as that of alloy

D16T, does not change its phase composition qualitatively

but affects substantially the content and size of the secondary

segregations (Fig. 3, Table 4). Both in the state as delivered

and after heating for different times the structure of the alloy

contains an aluminum-base �-solid solution and MgZn
2

and

Al
2
CuMg intermetallics.

A quantitative metallographic analysis has shown (Ta-

ble 4) that the volume fraction of the intermetallic phases in

the initial state and the density of their distribution in the

structure of the alloy is 0.50 vol.% and 1491 mm – 2; the

mean length and the mean area are 1.90 and 3.10 �m2, re-

spectively, and the maximum diameter is 2.10 �m. A hold at

200°C for up to about 6 min does not affect noticeably the

structure of alloy 1952T. At 250°C the volume fraction of

and the mean values of the length and area of the secondary

segregations increase to 1.69 vol.%, 2.24 �m and 3.39 �m2,

respectively. The density of the distribution of the inter-

metallics in the structure and their maximum diameter

change inconsiderably. When the duration of the heating is

increased to 10 min, the content and the size of the secondary

phases grow by a factor of 2 – 3 and the their distribution

density decreases the more considerably the higher the tem-

perature (Table 4).
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TABLE 4. Content and Sizes of Intermetallic Phases (IP) in the Structure of Alloy 1953T1 in the State as Delivered and after Different Variants

of Process Heating

Structural characteristic of IP

Initial state

(as deli-

vered)

After process heating at:

t = 200°C t = 250°C


, min 
, min

3 5 6 8 10 3 5 6 8 10

Volume fraction, % 0.50 0.58 0.53 0.60 1.80 1.60 0.72 1.00 1.69 1.55 2.15

Distribution density, 1�mm
2 1491 1375 1372 1408 1170 928 1521 1570 1485 1078 800

Mean length, �m 1.90 1.86 1.94 2.03 2.38 2.70 2.02 2.19 2.24 2.52 3.05

Mean area, �m
2 3.10 3.04 2.97 3.26 3.82 4.40 3.18 3.26 3.39 3.95 4.79

Maximum diameter, �m 2.10 1.93 2.10 2.17 2.24 2.49 2.14 2.40 2.53 2.94 3.46
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Fig. 4. Dependences of stresses of

kind II (a, c) and of the microhardness

HV (b, d ) of alloys D16T (a, b ) and

1953T1 (c, d ) on the duration of pro-

cess heating at different temperatures

(given at the curves).



Analysis of the experimental data shows that alloy

1953T1 ages at the temperatures of 200 – 250°C in the same

manner for any of the holds studied. The aging is accompa-

nied by segregation of secondary intermetallics in the struc-

ture of the alloy and coagulation of the available and segre-

gated inclusions [7 – 10]. When the process heating lasts for

less than 5 – 6 min, these processes occur slowly virtually

not affecting the properties of the alloy. Prolongation of the

heating over 6 min intensifies considerably the aging pro-

cess, especially at 250°C; the coagulation of the interme-

tallics prevails over their segregation in the structure. There-

fore, heating for 5 – 10 min results in substantial softening of

alloy 1953T1. The dependences of the stresses of kind II and

of the microhardness on the duration of process heating at

200 and 250°C confirm this nature of structural transforma-

tions in alloy 1953T1 (Fig. 4c and d ).

The determined difference in the processes developing in

the alloys studied upon process heating in the range of

200 – 250°C are responsible for their different resistance to

softening in the production of drill pipes. As a result of the

opposite actions of “aging retrogression” and subsequent

precipitation hardening the mechanical properties of alloy

D16T after heating for less than 6 min change inconsider-

ably; after heating for 6 – 10 min they remain virtually in-

variable with respect to the state as delivered. Growth in the

heating temperature from 200 to 250°C affects the changes

in the strength and ductility of the alloy insubstantially. This

makes alloy D16T resistant to the heating that occurs when

drill pipes are mounted and requires no rigid control of the

temperature and time parameters of shrink fitting of locks.

Moreover, it is desirable to prolong the heating to 8 – 10 min.

The decomposition of the solid solution and the coagula-

tion of the intermetallic phases in the structure of alloy

1953T1 due to process heating result in its softening in the

whole of the studied time range, especially when the hold

time exceeds 5 – 6 min. Possessing a higher strength than al-

loy D16T in the state as delivered, alloy 1953T1 is substan-

tially inferior to the latter with respect to this parameter after

process heating. For example �
r
of alloy 1953T1 in the initial

condition is 50 MPa higher than that of alloy D16T (see Ta-

ble 2). After heating at 200°C for 10 min the ultimate rupture

strength of both alloys is the same, while after heating at

250°C the value of �
r

alloy 1953T1 is 50 MPa lower than

that of D16T (see Fig. 1). The resistance of 1953T1 to soften-

ing in process heating requires strict control of the parame-

ters of shrink fitting of locks, i.e., the temperature of heating

of the drill pipe should not exceed 200°C and the duration of

the heating should not exceed 6 min.

Our results also allow us to state that alloy D16T is pre-

ferable to 1953T1 for the production of drill pipes operating

under more rigid conditions (higher loads and stress states).

CONCLUSIONS

1. Process heating in the temperature range of 200 –

250°C for 10 min in the course of hot fitting of a lock affects

substantially the structure and the mechanical properties of

drill pipes produced from aluminum alloys D16T and

1953T1. Alloy D16T is much more resistant to softening un-

der process heating than alloy 1953T1.

2. The variation of the properties of alloys D16T and

1953T1 under process heating in the temperature range of

200 – 250°C for up to 10 min is a result of diffusion pro-

cesses in their structure, the nature of which in these alloys is

different. As a result of the opposite action of “aging retro-

gression” and subsequent precipitation hardening the proper-

ties of alloy D16T remain virtually unchanged after such

heating with respect to the state as delivered. The decompo-

sition of the solid solution and the coagulation of the

intermetallic phases in alloy 1953T1 in the studied ranges of

temperatures and holds result in its substantial softening.

3. We have formulated practical recommendations on hot

fitting of locks in the production of drilling equipment from

aluminum alloys D16T and 1953T1. The temperature and

time parameters of this operation should be controlled

strictly for alloy 1953T1 (the heating temperature should be

< 200°C and the duration should be < 6 min). The require-

ments for alloy D16T may be softer (heating temperature

< 250°C, duration < 10 min).
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